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ABSTRACT

The entire study can be divided into four main studies. Study I presents the
development of probabilistic version of popular Kingery and Bulmash (KB) blast model.
The probabilistic model was developed by considering the uncertainty in the model
quantified using available experimental data. The model was then applied to generate
fragility curves are developed for three types of glazing under three common bombing
scenarios and study 1995 Oklahoma City damage.
Study II discusses on development a blast loss estimation framework for buildings
where demand loads are calculated using the probabilistic blast model and capacity form
seismic design. Loss for archetypes buildings designed with three levels of seismic design
category were estimated using the loss estimation framework. The objective was to see if
there is potential benefit in terms of monetary value for three design categories. The results
showed that as design level increased from ordinary, intermediate to special moment frame
the blast performance was improved for some blast scenarios.
In Study III concept of protection zones is presented which are zones in building
with varying level of security, has been introduced based on the principle - as security
increases the probable size of bomb should decrease. Probable bombs are uniformly placed
at each protection zone to create many possible scenarios of terrorism event. The Brussels’
Airport attack of 2016 is studied using this framework and loss values are obtained to
understand the associated risk. The results showed that the actual attack could have been
ii

worse. Strategies for improving security are employed in protection zones and its influence
on threat reduction is studied.
Study IV is about development of a probabilistic injury model to estimate the
consequence of blast injuries to people. The blast parameters (pressure and impulse) are
calculated using Kingery and Bulmash blast model. Monte Carlo simulation is used to
randomly distribute people on each floor and estimate injury states for each blast scenario
due to primary and secondary effects blast. An agent-based model (ABM) was developed
to track movement of people in case of multiple blast scenario. The model was used to
study three case studies – Brussels’ Airport bombing, Manchester Arena’s Bombing and
Oklahoma City Bombing.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

The risk of using explosives in urban areas by terrorist groups has increased.
National Consortium for the Study of Terrorism and Responses to Terrorism (START) has
maintained a 47-year (1970-2017) period database and released statistics showing nearly
half of terrorist attacks are due to use of explosives (Figure 1-1). The same statistics also
show built infrastructure, particularly government and commercial buildings (Figure have
been the frequent target for terrorist attacks.

Figure 1-1:

Different terrorist attack types and attack targets for USA (GTD)
22

Each of these attack result in loss of millions of dollars. The global economic
impact of terrorism by Institute of Economic and Peace (Figure 1-2) shows that impact was
high for 2011 due to September 11 attacks and after 2013 it has always remained high
(McCarthy, 2017). Insurance Information Institute (I.I.I) has released statistics showing 1993 WTC attack caused $872 million, 1995 Oklahoma bombing caused $203 million and
1988 Lockerbie attack caused $80 million insured property losses. This shows that the
consequence of explosive attacks can understood in terms of property loss. Realizing the
need, methodologies have been developed in this study to quantify consequence of blast in
terms of loss.
Along with loss of billions of dollars, each attack poses threat to lives of people.
Washington Post data (2013) showed, the 2001 WTC attack took lives of around 3000
people and injured more than 6000. The 1993 WTC attack took lives of 6 people and
injured more than 1000 (Dwyer et al., 1994). Likewise, the 1995 Oklahoma City bombing
took live of 166 people and injured more than 680 people. (Shariat et al., 1998). The
primary effects of blast include burns, lung damage and ear drum rupture and the secondary
damages are due to flying debris. The psychological effects are greater and much harder to
quantify. This again shows the consequence of explosions can be understood as injuries
and casualties it has caused. For this purpose, casualty models have been developed to
quantify the consequences of explosions on human exposure.

23

Figure 1-2:

Different terrorist targets for bombings in USA.

There are numerous empirical blast models available for quantifying blast
parameters but all of them are not reliable. Reliable CFD (Computational Fluid Dynamic)
models like FLACS, AutoDyna and LS-DYNA which demand a lot of computation time
and modeling effort. That is why empirical models are preferred for blast load calculations.
Therefore, there is a need of a swift and dependable methodology to estimate blast related
risk and thus a probabilistic version of popular Kingery and Bulmash blast model is
developed to address this. Baker Risk (2015) have developed a platform named MARSH
which helps in analysis of explosions taking in 2D geometry of the built environment has
input. In this study we have developed a methodology for considering the 3D geometry.
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Figure 1-3: Seismic Design of Beams for High and Low Seismic Zone shown
on USGS map [Source: USGS National Seismic Hazard Map 2013]

On April 19th, 1995 a truck bomb was exploded in downtown Oklahoma City,
Oklahoma. The truck bomb was at 15 feet stand-off from Alfred P. Murrah Federal
Building and had the yield equivalent to 4000lb of TNT (Mlakar et al., 1998). The bombing
left 167 dead, over 680 injured (Shariat et al., 1988) and estimated $652 million worth
damage (Hewitt et al., 2003). The building in low seismic hazard zone was designed for
Ordinary Moment Frame (cast in place ordinary reinforced concrete framing). Would the
building have survived had it been designed for higher seismic hazard?

25

Blast loads cause upward forces or negative moments in beams and floor slabs
above it. Reinforced concrete (RC) buildings designed for high seismic zone (e.g. in
Southern California) will general have more negative steel reinforcement and are expected
to perform better under blast loads compared to those designed for gravity load only
(Figure 1-3). Design of buildings for blast resistance design is still not a common practice
whereas, after San Francisco earthquake (1906) various codes and laws have been
developed to enforce seismic resistance design. After 100+ years of development and
enforcement, seismic resistance design has become standard practice. Therefore, there is a
need to relate seismic design to blast performance and study the influence of seismic
resistant on blast performance. FEMA P58 Vol. 1(2012) & Vol.2 (2012) has methodologies
to evaluate building repair cost in case for seismic demand. The same framework has been
modified to and used to evaluate repair/loss for blast demand.

1.2 Objective

1. Development of a probabilistic and blast model.
A probabilistic version of popular Kingery and Bulmash (KB) model was
developed by collecting available experimental data. The developed model is call KB beta
model and is capable of handling uncertainty related to blasts.
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2. Development of an Assembly Based Loss Estimation Framework for RC buildings.

A building assembly consisting of beam, column, slab and façade was developed
and blast effects on each component is identified to estimate its damage and repair cost
under blast loads. A progressive damage estimation algorithm was also developed to
predict effects of damage progression.

3. Evaluate Blast Performance for RC buildings for three Seismic Design

Blast loss estimation framework was used to study six archetype buildings in
different seismic design categories. The loss values obtained for each of these archetypes
for different blast scenarios was used to develop loss contours plots. The loss values were
compared and benefit from seismic design levels was observed and quantified.

4. Development of terrorism model framework for blast loss estimation.

A blast loss estimation framework was developed to study the influence of
terrorism. Framework strategically places bombs around the building considering security
of the building and estimates loss for various probable terrorist attack scenarios. Brussels’
airport attack case was used as a case study. Also, security improving strategies and their
influence in risk reduction was studied.
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5. Development of blast casualty estimation framework

Injury models relying on FEMA data were developed to estimated blast effect on
people and three case – 1991 Oklahoma bombing, Brussels’ Airport bombing, and
Manchester bombing were modeled and compared with injury actual data.

1.3 Contribution

1. Probabilistic version of popular Kingery and Bulmash blast model.
2. Glazing fragility curves for Annealed, Dual pane and Tempered type Glazing
3. Assembly based framework for blast loss estimation in RC buildings.
4. Study of influence of seismic design on last performance of 6 kinds of archetype
buildings.
5. Quantification of benefit of different seismic design categories for blast resistance.
6. Terrorism modelling framework for blast loss estimation using the concept of
protection zones.
7. Terrorism loss case study results for Brussels’ Airport Attack.
8. Casualty modelling framework and case studies for 1991 Oklahoma bombing,
Brussels’ Airport bombing, and Manchester bombing
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1.4 Organization

The study has been divided into 6 chapters. Chapter 1 contains motivations and
objectives of the study and contributions from this study. Chapter 2 is about development
of probabilistic version of popular Kingery and Bulmash (KB) blast model. The previous
blast models, methodologies for developing the model and its applications are presented
here. Chapter 3 discusses on development a blast loss estimation framework for RC
buildings and its application to quantify blast performance for archetype buildings. Chapter
4 is about development of probabilistic methodology for probabilistic terrorism blast loss
estimation and its application for Brussels’ Airport case study. In Chapter 5, methodologies
for developing a blast casualty model has been presented and applied to study three case
studies. Finally, Chapter 6 discusses on conclusions of this study and recommendations for
future work.
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CHAPTER 2
DEVELOPMENT OF A PROBABILISTIC BLAST MODEL AND ITS
APPLICATION TO GLAZING FAILURE ASSESSMENT

2.1 Abstract

In this chapter, a probabilistic version of popular Kingery and Bulmash (KB) blast
model is developed by considering the uncertainty in the pressure and impulse predictions,
which is quantified using available experimental data. Using the probabilistic KB model,
fragility curves are developed for three types of glazing – dual pane, annealed and tempered
under three bombing scenario – suitcase (50 lbs.), car (1000 lbs.) and cargo van (4000
lbs.)The proposed fragility curves are used to estimate glazing damage at different
standoffs. 1995 Oklahoma City Bombing is studied for validation, the estimated glazing
damage along with structural collapse and structural damage is compared with FEMA
recorded damage.

2.2 Introduction

Over the past several years, the risk of using explosives in urban areas by terrorist
groups has increased -National Consortium for the Study of Terrorism and Responses to
Terrorism (START) share statistics where half of terrorist attacks are due to use of
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explosives. Built infrastructure, particularly government and commercial buildings, have
been frequent targets for terrorist attacks, such as Oklahoma Murrah Federal building
(1995), Brussels’ Airport Bombing (2016), Manchester Arena Bombing (2017), etc. Given
the great risk to society and built environment, damage prediction from terrorism blast,
requires first and foremost an accurate quantification of not only the blast loads on
structures but also the uncertainty in these loads.
In order to assess the response of structural systems subject to detonation, the
crucial first step is the estimation of blast parameters that define the dynamic blast forces
on the structure. Numerous empirical models based on experimental results as well as
Computational Fluid Dynamic (CFD) models (like FLACS, AutoReaGas, Air3D) based on
first-principles physics are employed to estimate blast loads (Remennikov at el, 2003).
While providing the most accurate estimates, conducting experiments is expensive and
time-consuming. On the other hand, CFD modeling is less expensive and scalable, but as
stated in the book - ‘Guidelines for vapor cloud explosion, pressure vessel burst, bleve and
flash fire hazards: Chap 2’ by Baker 2010, requires expertise and is relatively less reliable
due to modeling error. Thus, most designers and engineers tend to rely on empirical models
for blast load calculations.
In section 2.3 of this chapter evolution of blast models from empirical to complex
CFD model and selection of Kingery and Bulmash model for probabilistic modification is
discussed. Compiling results from large-scale experimental data Kingery and Bulmash
developed an empirical blast model (Kingery at el, 1984) and Swisdak at el (1994)
simplified and extended the model. In this study, the simplified model of Swisdak (1994)

33

will be referred as KB model. In section 2.4, statistical methodologies employed to modify
KB model to probabilistic version called the KB-β model are presented. Using available
experimental data, bias correction was made to the KB model and variance of the unbiased
model is estimated. The proposed KB-β model is then used for two applications. Section
2.5, discusses the first application where fragility curves for three types of glazing (Dual
Pane, Annealed and Tempered) under three different blast scenarios (suitcase bomb, car
bomb and cargo van bomb) are developed. Section 2.6 discusses the second application
where Oklahoma City bombing damage recorded by FEMA is compared with the damage
estimated by KB-β model.

2.3 Background

2.3.1 Blast Mechanics

Immediately after an explosion, there is an instantaneous rise from atmospheric
pressure to a peak overpressure, which creates a bubble of air travelling at supersonic speed
known as the shock wave (FEMA-426: Chapter4, 2003). As the shock wave expands,
pressure exponentially decays over time until it reaches the ambient pressure. After that,
the negative phase begins, usually longer in duration than the positive phase (Figure 1).
Impulse, the integrated area under curve of pressure time history, is the measure of energy
from an explosion. This research is focused on developing blast models that provide
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maximum positive phase parameters i.e. maximum positive pressure and maximum
positive impulse. The pressure and impulse can be of two types the reflected, which
considers reflection of blast waves and incident, which does not take reflection into
account. Because the reflection is due to accumulation of incident waves on an obstructing
surface reflected values are always higher than incident values.

Figure 2-1:

Typical blast pressure-time history.

2.3.2 TNT Equivalency

TNT equivalency is a method that estimates the weight of any explosive as an
equivalent weight of TNT. For any type explosive, the available energy is converted into
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an equivalent mass of TNT. When weight of TNT and standoff distances are known then
we can use various prediction models to estimate the blast parameters. TNT equivalency is
also known as yield factor, efficiency, equivalency factor or efficiency factor. The TNT
equivalency method can also be used for converting Vapor Cloud Explosions (VCE) to
equivalent mass of TNT. Following formula is used for TNT equivalency (Baker et al,
2010):
𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇 =

α𝑐𝑐 𝑊𝑊𝑓𝑓 𝐻𝐻𝑓𝑓
= α𝑚𝑚 𝑊𝑊𝑓𝑓
𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇

Where,
𝑊𝑊𝑓𝑓 = 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑊𝑊𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑇𝑇𝑇𝑇𝑇𝑇
𝐻𝐻𝑓𝑓 = ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇𝑇𝑇 ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝛼𝛼𝑐𝑐 = 𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝛼𝛼𝑚𝑚 = 𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑅𝑅𝑅𝑅)
2.3.3 Blast Scaling

There is a common practice of normalizing some of the blast parameters by its
equivalent weight of TNT (Isabelle Sachet, 2010). The distance parameter is normalized
as scaled distance [𝑍𝑍 =

𝑅𝑅

𝑊𝑊 1/3

] and impulse is normalized as scaled impulse[𝑖𝑖 =

𝐼𝐼

𝑊𝑊 1/3

],

where R is actual effective distance from explosive, W is equivalent weight of TNT and I
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is impulse. (Ngo et al., 2007). DOD’s UFC 3-340-02 ‘Structures to Resist the Effects of
Accidental Explosions’, have released survivability curves for human tolerance to lung
damage and use scaled impulse normalized by weight of people.

2.3.4 Evolution of Blast Models

1. Brode Model (1955)
Numerous studies were ongoing between 1950’s and 1960’s to quantify the blast
parameters. Brode (1955) introduced equations as a function of scaled distance (Z) to
estimate peak incident overpressure due to a spherical blast.
𝑃𝑃𝑖𝑖 =
𝑃𝑃𝑖𝑖 =

6.7
+ 1 ( 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃 > 10 𝑏𝑏𝑏𝑏𝑏𝑏)
𝑍𝑍 3

0.975 1.455 5.85
+
+ 3 − 0.019 (0.1 𝑏𝑏𝑏𝑏𝑏𝑏 < 𝑃𝑃𝑖𝑖 < 10 𝑏𝑏𝑏𝑏𝑏𝑏)
𝑍𝑍
𝑍𝑍 2
𝑍𝑍

Where, 𝑃𝑃𝑖𝑖 is incident pressure in bar and Z is in m/kg1/3.
2. Newmark and Hansen Model (1961)

In 1961, Newmark and Hansen proposed equations for incident pressure Pi as:
6784 ∗ 𝑊𝑊 93 ∗ 𝑊𝑊 0.5
𝑃𝑃𝑖𝑖 =
+
𝑅𝑅3
𝑅𝑅1.5
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Where, 𝑃𝑃𝑖𝑖 is in bar and W is in metric tons and R is in m.
3. Kingery and Bulmash Model (1984)
From 1959 to 1964 four large TNT experiments were conducted in Canada and
blast data were collected by representatives from United States, United Kingdom and
Canada. The experimental events are shown in Table 1.(Swisdak et al, 1994)

Event No

Table 2-1:

TNT Weight
(in tons)

Date

1

5

1959

2

20

1960

3

100

1961

4

500

1964

Four experimental events conducted in Canada from 1959 to 1964

In 1964, Kingery and Pannill had prepared an interim report, which compiled
overpressure measurements for first three events.(Kingery et al., 1964). In 1966, Kingery
normalized the results from all four experiments to a yield of one pound at standard sea
level condition by applying cube root scaling and altitude correction factors (Kingery et
al., 1966). These scaled values were used to obtain curves for peak overpressure (Pi),
positive impulse (Ii), arrival time and positive duration. After that, in 1984 Kingery and
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Bulmash presented the 1966 curves as higher order polynomials along with added curves
for reflected pressure (Pr), reflected impulse (Ir) and shock front velocity. (Kingery et at,
1984).

4. Kinney and Grahm Model (1985)
Kinney in 1985 propose a model for incident pressure based in chemical type
explosions. Kinney model has been mostly used for computer coding (Karlos et al,
2013).

𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑜𝑜

𝑍𝑍 2
� �
4.5

808 � 1 + �

0.5

𝑍𝑍 2
𝑍𝑍 2
𝑍𝑍 2
��1 + �
� � �1 + �
� � �1 + �
� ��
0.048
0.32
1.35

Where, 𝑃𝑃𝑖𝑖 and Po (Ambient Pressure) is in bar and Z is in m/kg1/3
5. Mills Model (1987)
In 1987, Mills introduced a model for Pi as:
𝑃𝑃𝑖𝑖 =

1772 114 108
− 2 +
𝑍𝑍 3
𝑍𝑍
𝑍𝑍

Where, 𝑃𝑃𝑖𝑖 is in KPa and Z is in m/kg1/3.
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6. Simplified Kingery and Bulmash Model (1994)
In 1980, Department of Defense Explosives Safety Board (DDESB) linked their
Explosive Safety Standard DOD 6055.9-STD to 1966 Kingery Hemispherical TNT surface
blast compilation. Then in 1994, MM Swisdak, at the request of DDESB members,
simplified the Kingery and Bulmash equations such that the values were accurate to within
1% of original values. Swisdak equations for incident and reflected hemispherical TNT
surface blast parameters are provided in Appendix A. In this study, simplified KB model
is used for developing the probabilistic version of blast model

7. Sadovskiy Models (2004)
In 2004 Sadovskiy introduced another model to measure peak incident pressure
and scaled impulse.(Goel et al. 2013).
𝑃𝑃𝑖𝑖 =
𝐼𝐼𝑖𝑖 =

0.085 0.3 0.8
− 2+ 3
𝑍𝑍
𝑍𝑍
𝑍𝑍

200
𝑍𝑍

Where, 𝑃𝑃𝑖𝑖 is in MPa, Z is in m/kg1/3 and Ii is in Pa-s/𝑘𝑘𝑔𝑔1/3

Bajic modified this equation based on experimental results and introduced Pi as (Jeremic
et al. ,2009:
𝑃𝑃𝑖𝑖 =

1.2 4.36 14
− 2 + 3
𝑍𝑍
𝑍𝑍
𝑍𝑍

Where, 𝑃𝑃𝑖𝑖 is in bar and Z is in m/kg1/3.
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While the empirical models discussed above have used experimental data to
establish relation between blast parameters and bomb size, CFD models use numerical
methods to solve the Naiver-Stokes partial differential equations governing the explosion
process in a control volume. The solution is obtained through a rigorous iterative process
resulting large computation. The major advantage of CFD model is being able to account
for effects of built environment. Some popular CFD modelling tools and software are
FLACS - Flame Acceleration Simulator (GexCon FLACS Manual, 2013), Air3D (Rose at
el, 2006), AutoReaGas (Champasssith at el), CEBAM - Computational Explosion and
Blast Assessment Model (Clutter at el, 2007) etc. Phenomenological models are simplified
CFD models, which have lower computation time. These models have simplified
assumptions that make numerical solution of Naiver-Stokes partial differential equations
faster. SCOPE - Shell Code for Overpressure Prediction in Gas Explosion model produced
by Shell Research (Puttock at el, 2000) and CLICHE model developed by British Gas are
common phenomenological models (Jiang at el, 2001). CFD and phenomenological
modeling being complex and demanding expertise are not necessarily more accurate
(Guidelines for vapor cloud explosion, pressure vessel burst, bleve, and flash fire hazards).
Even with added computational effort there is no guarantee of accuracy, so one way to
move forward is using a probabilistic methodology.
Netherton et. al. 2010, developed a probabilistic blast model by considering
uncertainty in weight, distance, temperature and atmospheric pressure. The error in the
model was measure using Hoffmans and Mills (1956). The KB beta model developed in
this study relies on Netherton’s model. KB beta model considers error based on blast data
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compiled by Bogosian (2002). The uncertainty in weight and distance is not considered in
the initial model. However, in case of application of model for terrorist event study as
discussed in chapter 4 uncertainty in weight is considered by using variation in weight and
TNT equivalency quantified by Netherton. The variation in standoff instead of using
coefficient of variation (COV) with distance parameter, the bomb is placed around the
structure of concern at all probable locations.

2.3.5 Selecting Kingery and Bulmash model (KB model).

Incident and reflected pressure from KB model were compared with Brode,
Newmark, Kinney, Mills and Sadovskiy blast model (Figure 2-3 and 2-4) and the models
follow a similar decay trend. In JRC technical report - Calculation of blast loads for
application to structural components (Karols at el, 2013) the authors have stated, “The most
widely used and accepted approach for the determination of blast parameters is the one
proposed by Kingery-Bulmash”. FEMA 428 in chapter 4 recommends using ConWep
Software which uses KB model. Swisdak (1994) stated Department of Defense Explosives
Safety Board (DDESB) linked their Explosive Safety Standard DOD 6055.9-STD to
Kingery and Bulmash model, which implies that even DOD prefers KB model. The United
Nation’s program - UN SafeGuard has developed International Ammunition Technical
Guidelines (IATG 01.80:2015), which too recommends the use of KB model. UN
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SafeGuard has also maintained an online website that calculates Kingery and Bulmash
blast parameters.
In addition to all information above, the major reason for popularity of KB model
is the fact that it was developed using four large controlled TNT experiments (Table 1-1
Swisdak at el, 1994). Thus, the KB model is superior to the other empirical models due to
the quality of the database used for curve fitting and due to the widespread acceptance by
key authorities on terrorism modeling. Figure 2-2 shows the KB model blast parameters
with scaled distance.

Figure 2-2: KB Model blast parameters -Incident Pressure, Incident Scaled Impulse,
Reflected Pressure &Reflected Scaled Impulse plotted against scaled distance

43

Figure 2-3:

Plots showing comparison of KB model incident pressure with other blast empirical
model incident pressure

Figure 2-4:

Plots showing comparison of KB model reflected pressure with other
blast empirical model reflected pressure
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2.4 Methodology

2.4.1 Assumption
The simplified KB model by Swisdak selected for modification. Some of assumptions
made using this model are:
1. All explosion types are converted into equivalent weight of TNT.
2. The simplified KB model are for hemispherical surface bursts.
3. Negative phase of blast is ignored considering them to be negligible in
comparison to positive phase.
4. Positive phase load is simplified as a triangular load.
5. US Standard temperature and pressure of 15oC and 101.325 kPa is assumed for
blast model.

2.4.2 Handling Uncertainty in KB model

Uncertainty in parameters such as shape of explosive, chemical composition of
explosive, geometry of the built environment, etc. adds variability to prediction of blast
parameters. Although KB model is a popular model, it is incapable of capturing such
uncertainty. In this paper, blast test data collected by Bogosian at el. (2002) is used to
modify the original KB model to a probabilistic version to capture uncertainty. The actual
data for experiments was not provided so the plots with the data were digitized for the
purpose of this study. 520 data points were digitized out of which 157 were for reflected
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pressure, 169 were for reflected impulse, 102 were for incident pressure and 92 were for
incident impulse. Bias correction was first applied to the KB model to minimize error
between mean predictions and blast test measurements, and then variance around the
unbiased model was calculated. Eq. 1-6 show development of KB beta model (Paresh et
al.,2019) for incident pressure parameter.
𝜖𝜖1 (𝑍𝑍) =

𝑃𝑃𝑡𝑡 (𝑍𝑍)
𝑃𝑃𝑖𝑖 (𝑍𝑍)

(Eq. 2-1)

where ϵ1 is the error ratio i.e. the ratio of test value to model value, Pt is the test data value
of incident pressure, and Pi is the KB model value for incident pressure. Pt, Pi, and ϵ1 are
all function of scaled distance Z. For Pi to be unbiased with respect to test results, the mean
of error ratio ϵ1 should be equal to one. For bias correction, Pi is multiplied with moving
mean of error ratio, which will shift the Pi values (model values) closer to the Pt values (test
results).
𝜇𝜇1 (𝑍𝑍) = �������
𝜖𝜖1 (𝑍𝑍)

(Eq. 2-2)

where μ1 is the moving mean of ϵ1. 𝜇𝜇1 is available for a range of scaled distance so it is

fitted to power curve of the form∶ 𝑎𝑎𝑒𝑒 𝑏𝑏𝑏𝑏 + 𝑐𝑐 (i.e. 𝜇𝜇1 (𝑍𝑍) = 𝑎𝑎𝑒𝑒 𝑏𝑏𝑏𝑏 + 𝑐𝑐 ) to make it applicable
for all scaled distance (Figure 2-5). The parameters for fitted curve is given in Table 2-2.
After bias correction, the error ratio is again measured as:
𝜖𝜖2 (𝑍𝑍) =

𝑃𝑃𝑡𝑡 (𝑍𝑍)
𝜇𝜇1 (𝑍𝑍)𝑃𝑃𝑖𝑖 (𝑍𝑍)

=

𝜖𝜖1 (𝑍𝑍)
𝜇𝜇1 (𝑍𝑍)

(Eq. 2-3)

where ϵ2 is the error ratio after bias correction and μ1(Z)Pi(Z) is the unbiased incident
pressure. Figure 2-5 shows how μ1 shifts to μ2 (mean of ϵ2) and is closer to one after bias
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correction. The lognormal mean is zero and standard deviation of ϵ2 is measured (Table 23) to capture the variability in experimental measurements in the unbiased model.
𝜎𝜎

2

(Eq. 2-4)

𝛽𝛽 = ln �� 2 � + 1�
𝜇𝜇2

1

μ= ln(𝜇𝜇2 ) − 𝛽𝛽2 ≈ 0

(Eq. 2-5)

2

where μ2 is the mean of ϵ2 which is nearly equal to one, σ2 is the standard deviation of ϵ2, μ
is lognormal mean of ϵ2 which is nearly equal to zero and β is the lognormal standard
deviation of ϵ2. If μ1 is denoted as μ1_ip and β is denoted as βip where suffix ip stands for
incident pressure, the KB-β model for incident pressure parameter looks like:
(Eq. 2-6)

𝑃𝑃𝑖𝑖𝑖𝑖 (𝑧𝑧) = 𝑃𝑃𝑖𝑖 (𝑍𝑍). 𝜇𝜇1_𝑖𝑖𝑖𝑖 (𝑍𝑍). Ф ( 0, 𝛽𝛽𝑖𝑖𝑖𝑖 )

where Piβ is KB beta model incident pressure, Pi is KB model incident pressure, μ1_ip is the
bias correction and Ф is a random error ratio generated using lognormal distribution with
lognormal mean of 0 and lognormal standard deviation βip. Lognormal distribution is used
because randomly generated pressure and impulse values should be non-negative. The
procedure repeated for other parameters of KB model:
𝐼𝐼𝑖𝑖𝑖𝑖 (𝑧𝑧) = 𝐼𝐼𝑖𝑖 (𝑍𝑍). 𝜇𝜇1_𝑖𝑖𝑖𝑖 (𝑍𝑍). Ф ( 0, 𝛽𝛽𝑖𝑖𝑖𝑖 )

(Eq. 2-7)

𝐼𝐼𝑟𝑟𝑟𝑟 (𝑧𝑧) = 𝐼𝐼𝑟𝑟 (𝑍𝑍). 𝜇𝜇1_𝑟𝑟𝑟𝑟 (𝑍𝑍). Ф ( 0, 𝛽𝛽𝑟𝑟𝑟𝑟 )

(Eq. 2-9)

(Eq. 2-8)

𝑃𝑃𝑟𝑟𝑟𝑟 (𝑧𝑧) = 𝑃𝑃𝑟𝑟 (𝑍𝑍). 𝜇𝜇1_𝑟𝑟𝑟𝑟 (𝑍𝑍). Ф ( 0, 𝛽𝛽𝑟𝑟𝑟𝑟 )

where Iiβ is KB beta model incident scaled impulse, Prβ is KB beta model reflected pressure,
Ir is KB beta model reflected scaled impulse, Ii is KB model incident scaled impulse, Pr is

47

KB model reflected pressure and Ir is KB model reflected scaled impulse. The values for
μ1 for each parameter is given in Table 2-2 and the lognormal distribution parameters for
error ratio Ф is given in Table 2-3. The lognormal mean is nearly equal to zero so is
assumed as zero for all. Figure 2-5 to 2-8 shows the bias correction and +/- 2β bounds for
all the models.

Bias Correction
for KB model
parameters
Incident
Pressure
(𝜇𝜇1_𝑖𝑖𝑖𝑖 )
Incident Scaled
Impulse
(𝜇𝜇1_𝑖𝑖𝑖𝑖 )
Reflected
Pressure
(𝜇𝜇1_𝑟𝑟𝑟𝑟 )
Reflected
Scaled Impulse
(𝜇𝜇1_𝑟𝑟𝑟𝑟 )

Scaled
Distance,
Z

Parameters to equation:. 𝜇𝜇1 (𝑍𝑍) = 𝑎𝑎𝑒𝑒 𝑏𝑏𝑏𝑏 + 𝑐𝑐
a

b

c

0-2.7
2.7-100
>100

1.45
0.81
1.05

0
-0.24
0

0
1.02
0

0-∞

0.98

0

0

0-∞

1.07

0

0

0-4.6
4.6-40.8
>40.8

1.18
1.24
0.66

0
-0.18
0

0
0.66
0

(

ft

𝑙𝑙𝑏𝑏1/3

Table 2-2:

)

Parameters of the curve fitted to μ1.
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Table 2-3:

Figure 2-5:

KB Model
parameters

Lognormal Standard
Deviation (β)

Incident Pressure

0.1921

Incident Scaled
Impulse

0.1840

Reflected Pressure

0.2062

Reflected Scaled
Impulse

0.2137

Error2 Parameters - Lognormal Standard Deviation (β)

Bias correction and +/-2 β uncertainty bound for error in KB model
Incident Pressure Parameter
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Figure 2-6:

Bias correction and +/-2 β uncertainty bound for error in KB model Incident
Scaled Impulse Parameter

Figure 2-7:

Bias correction and +/-2 β uncertainty bound for error in KB model
Reflected Pressure Parameter
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Fig. 2-8:

Bias correction and +/-2 β uncertainty bound for error in KB model parameters
Reflected Scaled Impulse Parameter.

2.4.3 Beta Models

In generalized form the KB beta model is:
(Eq. 2-10)

𝐾𝐾𝐵𝐵𝛽𝛽 = 𝐾𝐾𝐾𝐾. 𝜇𝜇1 . Ф

where KBβ is the KB beta model parameter, KB is corresponding KB model parameter,
μ1 is bias correction and Ф is random error ratio. μ1 factor shifts the KB model values
closer to experimental values and Ф factor captures the observed variability in the blast
parameters. In Figure 2-9 to 2-12, 1000 KB-beta model values are sampled from their
distributions at every unit scaled distance for all four KB model parameters. Incident
pressure scaled incident impulse and reflected pressure visually have good agreement
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with experimental results. However, for Reflected Scaled Impulse (Figure 2-12) the
experimental values are lower than KB model values and hence bias correction shifts the
beta model to lower value.

Figure 2-9:

Incident Pressure parameter for 1000 simulation plotted with experimental results

Figure 2-10: Incident scaled impulse parameter for 1000 simulation plotted with
experimental results
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Figure 2-11: Reflected Pressure parameter for 1000 simulation plotted with experimental
results

Fig. 2-12:

Reflected Scaled Impulse Parameter for 1000 simulation plotted with
experimental results.

53

2.4.4 Direct and Indirect Line of Sight

The points, which are in direct line of sight from the blast, have higher blast loads
because of head on reflections compared to the points, which were in indirect line of sight.
Therefore, algorithm was developed to recognize these points and assign proper blast loads.
For the points on direct line of sight reflected pressure values were used while for the points
on indirect line of sight incident values were used.

Fig. 2-13:

Recognizing direct and indirect line of sight points for blast load estimation
shown in 2D (left) and 3D (right)

2.5 Comparison with Netherton and Stewart model

The KB beta model reflected pressure and scaled impulse values is compared with
mean of Netherton and Stewart model (considering temperature and atmospheric pressure
to be deterministic with US Standard temperature and pressure of 15oC and 101.325 kPa)
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as in as shown in Figure 2-14 and 2-15. The mean of the pressure plot is almost same
because both models rely on KB model for the generating deterministic parameters
pressure parameters and the bias correction for unbiased mean is only 1.07. However, in
case of impulse the bias correction ranged from 1.14 to 0.66 which resulted in the
differences. Netherton and Stewart (2010) had compared the variability in their model with
TM5-1300 value for 100kg VBIED (Vehicle Borne Improvised Explosive Device) –
ANFO (Ammonium Nitrate Fuel Oil) at 50m standoff. The KB beta model results are also
compared with the same as shown in Figure 2-16 and 2-17. The KB beta model also relies
on Netherton and Stewart model to consider uncertainty in the weight.

Figure 2-14: Comparing KB beta model mean pressure values with Netherton and
Stewart model
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Figure 2-15: Comparing KB beta model mean scaled impulse values with Netherton and
Stewart model

Figure 2-16:Comparing KB beta model pressure value with Netherton model value and
TM5-1300 value with for 50kg ANFO at 50m standoff case
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Figure 2-17: Comparing KB beta model impulse value with Netherton model value and
TM5-1300 value with for 50kg ANFO at 50m standoff case

2.6 Application of KB Reflected Beta Model to obtain Glazing Fragility Curves

DDESB (DOD 2008) has provided Pressure Impulse curves (PI curves) for
different building components for estimating damage ratio in percentage for corresponding
values of pressure and impulse (Hardwick at el, 2009). PI curves for tempered type glazing
are shown is shown in Figure 2-13 In the same plot, reflected pressure and reflected impulse
generated from KB model and 100,000 simulations of KB beta model for 1000lb explosive
at 250ft standoff is plotted. The mean value of damage ratio from KB beta model is
expected to be lower than damage ratio from KB model since KB model reflected impulse
values were higher than experimental values (Figure 2-12). The damage ratio, that reflects
probability of failure, is used to generate glazing fragility curves. Fragility curve for
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tempered glass for 1000lb TNT is generated as shown in Figure 2-14, which shows KB
model value, simulated failure probabilities, mean failure probability and two sigma
bounds. Using this procedure fragility curves for three standard bombs – Suitcase Bomb
(50 lbs.), Sedan (1000 lbs.) and Cargo Van (4000 lbs.) and three types of glazing- Dual
Pane, Annealed and Tempered is generated as shown in Figure 2-14 to 2-17. The standard
bomb sizes were derived from data published by National Counterterrorism Center
(NCTC) shared in Appendix B.

Figure 2-18: KB model and 100000 simulated KB beta model generated reflected
pressure and reflected impulse values for 1000lb TNT at 250ft standoff plotted along with
DOD PI curves for tempered type of glazing.
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Figure 2-19: Probability of failure plots for Tempered glass subjected to 1000lb TNT

Figure 2-20: Probability of failure plots for Dual Pane glass subjected to Suitcase,
Car and Cargo Van bombs
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Figure 2-21: Probability of failure plots for Annealed glass subjected to Suitcase,
Car and Cargo Van bombs

Figure 2-22:

Probability of failure plots for Tempered glass subjected to Suitcase, Car and
Cargo Van bombs
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2.7 Application for Oklahoma Bombing Case Study

On April 19, 1995, a truck bomb was exploded in downtown Oklahoma City,
Oklahoma, USA. The truck bomb was at 15 feet standoff from Alfred P. Murrah Federal
Building and had the yield equivalent of 4000 lbs. TNT (Malkar at el, 1998). The postblast damage was recorded by FEMA and classified as - Structural Collapse, Structural
Damage and Broken Glass (FEMA 277, 1996). In this study, the damage was estimated
using KB beta reflected model and compared with FEMA results. Building footprint (with
1296 buildings) of the city was extracted from 1990 Oklahoma City buildings data obtained
from a website maintained by city of Oklahoma. The KB reflected beta model simulated
10000 pressure values on each building, the mean of which is shown in Figure 2-18.
Pressure range for the three damage states were developed from FEMA 426 and NOAA
recommended values as shown in Table 2-4. Triangular distribution (Figure 2-19) were
used for randomly estimating the damage state for each simulated pressure value. This was
done for different number of simulations to check convergence and 10000 simulations was
employed as it considering it reliable enough with coefficient of variation under 0.01
(Figure 2-20) . Based on FEMA records, 10 buildings in that area had Collapsed Structure
Damage State, 30 had Structural Damage-Damage State and 265 had Broken Glass/Door
Damage State. From this study, we found - Collapsed Structure Damage state ranges from
6 to 15 buildings, Structure Damage – Damage State from 21 to 43 buildings and Broken
Glass/Door Damage State from 235 to 297 buildings (Figure 2-21(a) and (b)).
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Figure 2-23:

Mean reflected pressure plots on 2D building footprints of Oklahoma
City.

Pressure (psi)

FEMA Damage States

0.2-1

Broken Glass/Door

1.0-4.0

Structural Damage

4.0-7.0

Collapsed Structure

Table 2-4:

FEMA Damage States for blast pressure ranges.
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Figure 2-24: Triangular distribution functions for FEMA Damage States – Broken/Glass
Door, Structural Damage and Collapsed Structure

Figure 2-25: Number of buildings with simulated FEMA damage states and
its Coefficient of Variation (CoV) for different number of simulations
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(a)

(b)

Figure 2-26: CDF plot for number of buildings with simulated FEMA damage states
and actual FEMA record (a) Plots for Collapsed Structure and Structural Damage –
Damage States (b) Plots for Broken/Glass Door Damage State
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2.8 Conclusion

A probabilistic model - KB beta model has been developed by modifying KB model
by relying on available blast experimental data. It was found that three parameters of KB
model -Incident Pressure, Reflected Pressure and Incident Scaled Impulse, had good
agreement with trend of experimental results. Reflected Scaled Impulse values were higher
compared to experimental results and this is the reason why damage calculated form KB
model is higher than mean of damage calculated from KB beta model.
The model was used to generate glazing fragility curves for three types of glazing
– dual pane, annealed and tempered under three bombing scenario – suitcase (50 lbs.), car
(1000 lbs.) and cargo van (4000 lbs.). These curves can be used for quick damage estimates
at different standoffs and the upper bound of the curves will be useful for worst-case
scenario study. The Oklahoma City case study damage state comparison shows that the
actual damage lies within the range of simulated damage. The range of simulated damage
states shows that the actual damage could have been much worse which helps the policy
makers and insurers to make better decisions. In order to get accurate deterministic results
computational fluid dynamics model should be used. However, considering the high
computational demand of such models, the uncertain blast model will help make reasonable
decisions in reasonable timeframe.
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CHAPTER 3
QUANTIFYING THE BENEFITS OF SEISMIC RESISTANT
DESIGN ON BLAST PERFORMANCE OF RC MOMENT FRAME
BUILDINGS

3.1 Abstract

This chapter focuses on quantifying blast performance of buildings based on
seismic design requirements of RC moment frame buildings. In this study, damage state of
the structural system is analyzed using a capacity-demand model, where demand comes
from blast effects and capacity form seismic design. Demand is estimated using the
Kingery Bulmash (KB) blast model modified to handle uncertainty developed in Chapter
2. Capacity is estimated for archetype RC buildings designed for three levels of seismic
resistance – Special Moment Frame, Intermediate Moment Frame and Ordinary Moment
frame. Damage states for structural system are defined such that FEMA P-58 consequence
function for repair cost can be employed for detailed ‘loss estimation’. The framework uses
a progressive collapse algorithm to estimate progression of damage resulting from beamcolumn removal due to blast.
In short, this study discusses development of framework for blast loss estimation
for archetype RC buildings. The loss value obtained for archetype buildings subjected to
various blast scenarios will be estimated and compared. Finally, the benefit in terms of
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limiting monetary loss and damage for three levels of seismic design on blast performance
will be quantified, compared and discussed.

3.2 Introduction

The post-disaster investigation report for 1995 Oklahoma City bombing speculates
that the catastrophic collapse of Murrah federal building could have been limited if the
building was designed with structural details for high seismic zone (FEMA 277). Blast
loads may cause upward forces or negative moments in beams and floor slabs. Reinforced
concrete (RC) buildings designed for high seismic zone have more negative steel
reinforcement and should perform better under blast loads compared to those designed for
gravity load only. Since many existing buildings are designed for some level of seismic
requirements, this study focuses address the need of quantifying blast performance of
buildings designed for seismic resistance.
Section 3.4 of this chapter is divided into two parts. The first part (section 3.4.1)
discusses on development of loss estimation framework for RC buildings. The capacitydemand model is used to estimate damage states of building components and loss values
are assigned to each component based on their damage state. The second part (section
3.4.2) is about using the framework to estimate loss for archetype buildings. Various blast
scenarios are generated by placing the standard bomb sizes (car, van & truck bomb) around
each archetype buildings and the loss for each scenario is measured. Loss contours are
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developed for archetype buildings and loss values are compared to estimate the benefit of
seismic design.

3.3 Background

A truck bomb with an equivalent TNT weight of approximately 4000 lbs. exploded
at 15 feet stand-off from Alfred P. Murrah Federal Building on April 19th 1995 (Mlakar at
el. 1998) leaving 167 dead, over 680 injured (Shariat at el. 1998) and estimated $652
million worth damage (Hewitt at el. 2003). The building was designed for Ordinary
Moment Frame (cast in place ordinary reinforced concrete framing) (FEMA 277). After
Oklahoma Bombing, FEMA gathered Building Performance Assessment Team (BPAT) to
investigate the Murrah Building damage and develop strategies to reduce such damage in
future. The results of study were discussed in FEMA 277 and by Sozen et al. 1998, that
with lost three first-floor principle columns, the transfer girder could no longer support
dead loads resulting progressive collapse. The results also discussed that collapse could
have been prevented if columns had more confinement (as spiral or closed hoops) or if
girders had continuous reinforcement. In another study, by Hayes et al. 2005 and FEMA
P-439B, performance of Alfred P. Murrah Federal Building for different seismic
strengthening schemes were evaluated. The study concluded that strengthening the
perimeter elements using current seismic detailing techniques improved survivability
against blast.
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Corley at el. 2002 found that, strengthening columns with seismic detailing could
have lowered the damage by 50 percent and use of full capacity butt splices to provide
continuity to spandrel beam reinforcement could have lowered damage by 80 percent for
Murrah building. Parisi at el, 2012 studied the effect of seismic design criteria on blast
performance of by studying two buildings – one designed for seismic resistance according
to Eurocode 8 (EC8) and other designed for gravity loads according to practices in 1970.
The study showed EC8 conforming building provided enough robustness and lower local
demands for some of the blast scenarios.
After sustaining a blast load by a building severe damage to some of structural
components can lead to progressive collapse. Marjanishvili at el (2006) in ‘Comparison of
various procedures for progressive collapse’ discusses on four common methods - linearelastic static, nonlinear static, linear-elastic dynamic, and nonlinear dynamic for estimating
progressive collapse of building. UFC 4-23-03, discusses about design of building to resist
progressive collapse., where a procedure called ‘Alternate Path Method’ is used to figure
out if the building can bridge over deficit element. Naji at el. 2019, estimates the
progressive collapse by column removal where a load-capacity analysis of study building
figures out the damaged columns to be removed and a global non-linear analysis in SAP200
is conducted to estimate progressive collapse.
Drakatos et al. 2014, discusses about blast responses of structures in comparison to
seismic response. Seismic load activates the entire structure causing a global response but
in case of blast loads deformations are first localized and only become globalized due to
progressive damage/collapse.
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3.4 Development of assembly-based loss estimation framework for RC buildings
Assign RC building with
components in 3D domain
Create a blast scenario by assigning
TNT size and location
Calculated blast demand on each
component for the blast scenario

Loss Estimation
Module

Calculate capacity of each
component for the blast scenario

Calculate damage state of each
component for the blast scenario

Progressive Damage Estimation
Repair Cost from FEMA P58 and Damage Percentage

Loss=Repair Cost

no

Figure 3-1:

Repair Cost >Total Cost?

yes

Total Loss

Framework for blast loss estimation

The loss estimation framework flowchart is shown in Figure 3-1. The study RC
building is divided into components and demand and capacity of each component due to a
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blast scenario is estimated. Damage state estimated from capacity-demand model is used
to interpret loss values. A progressive collapse algorithm updates the damage states before
loss calculation. Each step in the flowchart is discussed in detail below:

3.4.1 Assembly of building components

Figure 3-2:

Assembly of beam, column, slab and façade for a four and eight story
archetype

The RC building model will be divided into important structural and non-structural
components. The model will comprise of beams, columns and Façade. The model for a 4story archetype building with its components is shown in figure 3-2. For beams and
columns element, three points – start, mid and end point are marked as crucial points. These
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points will be analyzed to estimate the damage for the entire element. Each, slab element
of 6-inch thickness spans between beams. The building is assumed to have glazing façade
and each glazing element spans between adjacent floors and beams.

3.4.2 Demand Estimation

The KB reflected beta model ((Paresh et al.,2019) is used to estimate the blast
parameters pressure and impulse (Eq. 2-8 & Eq. 2-9). The scaled distance (Z) input
comes from the location and size of TNT used. 1000 random simulations of beta model
are used in this study. For each component line of sight is checked and if on direct line of
sight of blast, reflected values are use and if not, incident values are used. The procedure
for estimating demand for each component is explained below:
Beam

Figure 3-3:

Demand load estimation for reference beam in green and three crucial
points in blue
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The demand for beam is estimated at the three crucial points start, mid and end
point. The demand load consists of dead load and blast loads. The beam is assumed to have
enough rigidity to resist horizonal component of blast pressure so only the effect of vertical
component is studied. Eq. 3-1 to 3-4 is used to estimate uniformly distributed demand load
on the beam. Eq. 3-1, and Eq. 3-2 give the dead load on beam due to slab and beam selfweight. The unit weight of concrete is assumed to be 145 pcf from here on. Eq 3-3 give the
net upward (negative load) load on beam due to blast load on beams. The tributary area for
transferring blast loads is assumed to be its depth.
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑐𝑐 . 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 . 𝑡𝑡𝐿𝐿𝑏𝑏

(Eq. 3-1)

𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 = −𝑃𝑃𝑣𝑣 . 𝑡𝑡𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = −𝑃𝑃. sin(𝛼𝛼) . 𝑡𝑡𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

(Eq. 3-3)

𝑀𝑀𝑢𝑢 = 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . 𝑤𝑤𝑢𝑢 . 𝐿𝐿2𝑏𝑏

(Eq. 3-5)

𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝛾𝛾𝑐𝑐 . 𝐵𝐵𝑏𝑏 . 𝐷𝐷𝑏𝑏 . 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(Eq. 3-2)

𝑤𝑤𝑢𝑢 = 𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡

(Eq. 3-4)

𝑉𝑉𝑢𝑢 = 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . 𝑤𝑤𝑢𝑢 .
Where,

𝐿𝐿𝑏𝑏

(Eq. 3-6)

2

𝛾𝛾𝑐𝑐

: Unit weight of concrete = 0.150 kcf

Bb

: Breadth of beam in ft

Db

: Depth of beam in ft

Lb

: Length of beam in ft

𝑃𝑃𝑣𝑣

: Vertical component of blast pressure in ksi = P.sin (α)

P

: Pressure from blast in ksi
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α

: Angle of incidence

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

: Thickness of slab in ft = 0.5’

𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : Tributary length of slab = coff x (Lb)

[coff is 1 for internal beam and 0.5 external]

𝑡𝑡𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Tributary width of beam in ft (beam depth for this case)
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : Uniform dead load of slab supported by beam in kip/ft.

𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Uniform dead load of beam in kip/ft.
𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 : Uniform vertical blast load
𝑤𝑤𝑢𝑢

: Toal uniformly distributed load on beam

Mu

: Demand Moment

Vu

: Demand Shear

After estimating the demand load on beam equation 3-5 and 3-6 is used to estimate
demand moment and shear for the beam. The moment coefficient Mcoff and shear
coefficient Vcoff is estimated from ACI 318-14 Table 6.5.2 and Table 6.5.4. When the TNT
charge is near the building, beams will usually have upward blast loads controlling (i.e.
upward deflection in center) and hence negative moment in the center of the beam and
positive moment in the ends. However, when the TNT is far away from the building the
condition reverses.

Column

Like beam element, the demand moment and shear are estimated on column
element at three crucial points. The horizontal component of blast loads contributes to
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demand moment and the vertical component contributes to axial load. Eq. 3-7 to 3-11 gives
the axial load for column. When the TNT charge is near the building, columns will
experience uplift forces and when charge is far from building, blast loads will be negligible
thus will experience.
𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑐𝑐 . 𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 . 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(Eq. 3-7)

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 = 𝛾𝛾𝑐𝑐 . 𝐵𝐵𝑐𝑐 . 𝐷𝐷𝑐𝑐 . 𝐿𝐿𝑐𝑐

(Eq. 3-9)

𝑃𝑃𝑢𝑢 = 𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡

(Eq. 3-11)

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝛾𝛾𝑐𝑐 . 𝐵𝐵𝑏𝑏 . 𝐷𝐷𝑏𝑏 . 𝑡𝑡𝑡𝑡𝑏𝑏

(Eq. 3-8)

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡 = −𝑃𝑃𝑣𝑣 . 𝑡𝑡𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = −𝑃𝑃. sin(𝛼𝛼) . 𝑡𝑡𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐

(Eq. 3-10)

𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 = −𝑃𝑃𝑣𝑣 . 𝑡𝑡𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = −𝑃𝑃. sin(𝛼𝛼) . 𝑡𝑡𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐

(Eq. 3-12)

𝑀𝑀𝑢𝑢 =

1

12

1

(Eq. 3-13)

. 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 . 𝐿𝐿2𝑐𝑐

(Eq. 13-14)

𝑉𝑉𝑢𝑢 = . 𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡 . 𝐿𝐿𝑐𝑐
2

Where,
𝛾𝛾𝑐𝑐

: Unit weight of concrete = 0.150 kcf

Bb

: Breadth of beam in ft.

Db

: Depth of beam in ft.

Lb

: Length of beam in ft.

Bc

: Breadth of column in ft.

Dc

: Depth of column in ft.

Lc

: Length of column in ft.

𝑁𝑁𝑓𝑓

: No. of floors above the column element
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𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

: Axial dead load due to slab weight

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡

: Axial load due to blast load

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Axial dead load due to beam weight
𝑃𝑃ℎ

: Horizontal component of blast pressure in ksi = P.cos(α)

𝑃𝑃𝑣𝑣

: Vertical component of blast pressure in ksi = P.sin (α)

P

: Pressure from blast in ksi

𝑃𝑃𝑢𝑢

: Ultimate axial load.

α

: Angle of incidence

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

: Thickness of slab in ft = 0.5’

𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : Tributary area of slab = coff x Nf x Lb2

[coff is 0.25 for corner beams, 0.5 for edge beam and 1 for internal beam]

𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : Tributary area of slab = coff x Nf x Lb

[coff is 0.25 for corner beams, 0.5 for edge beam and 1 for internal beam]

𝑡𝑡𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐 : Tributary width of column in ft (column width for this case)
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : Uniform dead load of slab supported by beam in kip/ft.
𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Uniform dead load of beam in kip/ft.
𝑤𝑤𝑡𝑡𝑡𝑡𝑡𝑡
𝑤𝑤𝑢𝑢

: Uniform vertical blast load

: Toal uniformly distributed load on beam

For slab and façade pressure and impulse on centroid of element is calculated and
stored. Later this pressure and impulse value will directly be used to estimate the damage
percentage for each component.

82

3.4.3 Capacity Estimation

The capacity of each beam and columns are calculated using reinforcement
detailing provided. In case of blast loads due to impulsive loading the materials experience
high strain rates which results in increased capacities and the ratio of this increase is known
as Dynamic Impact Factor (DIF). The DIF in concrete is ratio of dynamic compressive
strength to static compressive strength (Eq. 3-15). The DIF in steel is ratio of dynamic yield
strength of concrete to static yield strength (Eq. 3-16). Jacques et al. 2013, has proposed
Eq. 3-17 to estimate DIF for concrete as a function of concrete strain rate (𝜀𝜀̇c). Saatcioglu
at el. 2011, proposed DIF for steel (Eq. 3-18) as a function of strain rate in steel (𝜀𝜀̇s). The
modeled values were verified by large scale shock tube testing (Lloyd at el. 2010, Lloyd at
el. 2011). Due to influence of DIF the capacity of the components is different when blast
scenarios changes, making capacities a function of demand. For estimating the strain rate,
it is assumed that the positive phase time period of the blast is the load duration. The
measurement of capacities of each component is discussed below in detail.
𝑑𝑑𝑑𝑑𝑑𝑑

𝑓𝑓′𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑

𝑓𝑓𝑦𝑦

(Eq. 3-15)

= 𝑓𝑓𝑐𝑐′ . 𝐷𝐷𝐷𝐷𝐹𝐹𝑐𝑐

(Eq. 3-16)

= 𝑓𝑓𝑦𝑦 . 𝐷𝐷𝐷𝐷𝐹𝐹𝑠𝑠

𝐷𝐷𝐷𝐷𝐹𝐹𝑐𝑐 = 0.03 ln(𝜀𝜀𝑐𝑐̇ ) + 1.3 𝑓𝑓𝑓𝑓𝑓𝑓 εċ < 30s−1

(Eq. 3-17)

𝐷𝐷𝐷𝐷𝐹𝐹𝑠𝑠 = 0.034 ln(𝜀𝜀𝑠𝑠̇ ) + 1.3

(Eq. 3-18)

= 0.55 ln(ε̇ 𝑐𝑐 ) − 0.47 𝑓𝑓𝑓𝑓𝑓𝑓 for εċ ≥ 30s −1
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Beam
The capacity of beam is measured at three points (start, mid and end) in the beam. Damage
state for beams are estimated using the moment-curvature diagram so, a trilinear moment
curvature model is developed for beam. The first point in the plot is cracking point, second
is yield point and third is ultimate point. Eq 3-17,18 and 19 are used to determine cracking
point in the moment-curvature diagram and flowchart in Figure 3-4 shows the procedure
followed to obtain yield and nominal moment. Park at el. 2017, has discussed similar
methodology to estimate DIF for ultimate and yield capacity of beams. For shear capacity
of beam 3-20. These equations used are from ACI 318-14 modified to handle strain rate
effects.
𝑑𝑑𝑑𝑑𝑑𝑑

𝑓𝑓𝑟𝑟

′𝑑𝑑𝑑𝑑𝑑𝑑

= 7.5 �𝑓𝑓𝑐𝑐′ . 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 7.5�𝑓𝑓𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑

𝑀𝑀𝑐𝑐𝑐𝑐

=

𝜙𝜙𝑐𝑐𝑐𝑐

=

𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑

𝑓𝑓𝑟𝑟

(Eq. 3-17)

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(Eq. 3-18)

𝑦𝑦

𝑀𝑀𝑐𝑐𝑐𝑐

(Eq. 3-19)

𝐸𝐸𝐸𝐸

(Eq. 3-20)

𝑉𝑉𝑛𝑛 = 2�𝑓𝑓𝑐𝑐′ . 𝐷𝐷𝐷𝐷𝐹𝐹𝑐𝑐 . 𝐵𝐵. 𝑑𝑑 + 𝐴𝐴𝑣𝑣 . 𝑓𝑓𝑓𝑓. 𝐷𝐷𝐷𝐷𝐹𝐹𝑠𝑠
f’c

: Compressive strength of concrete

fr

: Modulus of rupture of concrete

Itrans

: Transformed uncracked moment of inertia of section

Av

: Area of shear reinforcement

𝑑𝑑𝑑𝑑𝑑𝑑

𝑀𝑀𝑐𝑐𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑

𝜙𝜙𝑐𝑐𝑐𝑐

: Cracking Moment
: Curvature at first crack
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Figure 3-4 :

Flowchart for estimating dynamic yield moment and dynamic nominal
moment
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Using the above methodology, dynamic moment curvature diagram for different
blast loading condition can be developed. The flowchart above is for downward loading
conditions, however for blast loads, the resulting loading direction usually upward where
bottom steel properties are swapped with top steel to get the appropriate capacities. An
example beam section, from McCormac at el. Design of Reinforced Concrete – 9th Edition:
Example 5.7, is chosen to develop moment curvature for various blast loading conditions
considering downward deflection from blast. Figure 3-5 shows the effect of DIF with
variation of TNT charges (10lbs., 100lbs., 1000lbs. and 10000lbs.) for example beam
placed at 25 ft. from the source. Figure 3-6 shows the effect of DIF with variation of
distances (10ft., 25ft., 50ft. and 100 ft.) for example beam subjected to 100 lbs. TNT.

Figure 3-5:

Dynamic Moment curvature example beam 25ft from various weights of
TNT
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Figure 3-6:

Dynamic moment curvature example beam at various stand-offs for100
lbs. TNT

Column
The columns are subjected to axial load and bending the capacity for which are
estimated by developing dynamic interaction diagrams. The procedure mentioned in ACI
318-14 to develop the diagram is modified for strain rate effects to obtain new interaction
diagram as shown in flowchart of figure 3-7. The shear capacity for columns is estimated
using Eq. 3-20 same as beams. For cases with TNT charge near the building columns will
be tension controlled whereas for far off TNT charge columns will be compression
controlled.
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Figure 3-7:

Flowchart for estimating dynamic interaction diagram for column
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𝑃𝑃

𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙 = +
𝐴𝐴

Where,

𝑀𝑀𝑀𝑀

Eq. 3-21

𝐼𝐼

P

: Axial Load

M

: Demand Moment

flim

: Limiting stress for cracking
′𝑑𝑑𝑑𝑑𝑑𝑑

[0.5𝑓𝑓𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑

for compression controlled & 𝑓𝑓𝑟𝑟

for tension controlled]

The interaction diagrams changes for same column section when blasts loading
condition changes. An example column section, from McCormac at el. Design of
Reinforced Concrete – 9th Edition: Example 10.4, is chosen to develop dynamic interaction
diagram for various blast loading conditions. Figure 3-8 shows the dynamic interaction
diagram for variation of TNT charges (10lbs., 100lbs., 1000lbs. and 10000lbs.) for example
column placed at 25 ft. from the source. Figure 3-9 shows the same with variation of
distances (10ft., 25ft., 50ft. and 100 ft.) for example beam subjected to 100 lbs. TNT.

Figure 3-8:

Dynamic Interaction plot for example column 25ft from various weights
of TNT
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Figure 3-9 :

Dynamic interaction diagram for example column at various stand-offs
from 100 lbs. TNT

In order plot yield region in the interaction diagram same flowchart in Figure 3-7
was used by limiting the strain in steel at 0.002 instead of strain in concrete at 0.003. For
estimating the cracking limit stress in extreme most fiber of concrete was measured limited
by dynamic modulus of rupture for tension controlled and half of dynamic compressive
strength for compression controlled using Eq. 3-21 and 3-22. Figure 3-11 shows the
cracking, yielding and ultimate moment limits in interaction diagram. For Slabs and
Columns damage percentage is directly estimated from demand parameters using DOD
Pressure-Impulse damage curves as discussed in section 3.4.4.
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3.4.4 Damage Estimation

Capacity and demand are compared to estimated damage state for beams and
columns. Four sequential damage states are defined for beam and column element as 0, 1,2
and 3. The damage states are defined assuming that they are relatable to FEMA P58 damage
states. The damage states defined for beam using dynamic-moment-curvature is shown in
figure 3-10. DS-0 is before the first crack appears and is therefore no damage state. DS-1
is after beam cracks and DS-2 is starts after steel starts yielding and beam starts showing
plastic behavior. At DS-3 is collapse where crushing of concrete occurs.

Figure 3-10:

Dynamic moment curvature for estimating damage state in beam elements

Likewise, for columns damage states are defined using dynamic-interaction
diagrams as shown in figure 3-11.
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Figure 3-11: Dynamic interaction diagram for estimating damage state of column
element

For slabs and façade, the damage states are measured in terms of damage
percentage. Department of Defense Explosives Standard Board has published a technical
paper – “Approved Methods and Algorithms for DOD Risk-Based Explosive Siting”. In
this paper pressure - impulse damage models are available for different types of structures
and components. The PI curves are hyperbolae defined by standard equation for hyperbola:
𝐶𝐶 = (𝑃𝑃 − 𝐴𝐴). (𝐼𝐼 − 𝐵𝐵)

(Eq. 3-21)

Where C, A & B are the curve parameters and P and I are P blast demand parameters

Pressure and Impulse respectively. The curves are transformed into surface plots where
Pressure and Impulse are in x and y axis and damage percentage is in z axis. For slabs, PI
curves for small RC structure (figure) and for faced PI curves for annealed glass (figure) will
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be used. The hyperbola (Eq. 3-21) parameters for these curves are provided in Appendix D
with original DOD curves.

Figure 3-12: DOD PI curves for slab damage estimation

Figure 3-13: DOD PI curves for facade damage estimation
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3.4.5 Progressive Damage Estimation

Progression of damage in RC building based on damage state of its beams and
columns. In APM (Alternate Path Method) key structural members – usually columns are
removed, and the structure analyzed to determine if it can survive over the missing
member(UFC 4-023-03). In the flowchart (Figure 3-14) similar method is used to develop
algorithm behind the damage progression. Columns in DS-3 are considered removed
resulting in damage progression to supported beams and columns. Then, beams in DS-3
are considered removed in addition to the ones damaged due to column removal, resulting
in damage progression to supported slabs and façade. Table 3-1 shows example of the
damage progression for five scenarios for a four-story archetype building.

Figure 3-14: Flowchart for estimating damage progression
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Scenario

Before Damage Progression

After Damage Progression

1

2

3

4

5

Table 3-1:

Damage progression for different scenarios
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3.4.6 Loss Ratio Estimation

Loss ratio is the ratio of repair cost to total cost for building. Total cost of building
is evaluated using 2019 National Building Cost Manual. The manual has constructions
costs for residential, commercial, public, industrial agricultural and military buildings. The
cost is per square foot rate of floor area determined by making height, location, dollar value
and depreciation adjustments to standard building rate. The archetype building is assumed
to be– ‘Class 2 Good Quality Office Building’. The manual also segregates floor and façade
damage from total cost of the class 2 type building as 8% of total building cost and 13% of
total building cost respectively.
FEMA P58 is a document dedicated for seismic performance evaluation for
building. For drift ratios caused by a seismic event, the document has guidelines that leads
to a damage state. For the different damage states, the document suggests repair and
replacement cost. Those repair and replacement cost can be used for blast assuming the
damage states from earthquake and blast are similar. FEMA P58 values are used to get
repair cost for beam and column elements. For slab and façade loss is estimated by
considering damage percentage as loss percentage. The cumulative repair/replacement cost
of all components will give total loss for the building.
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3.5 Development of framework to evaluate blast performance of archetype buildings

Three seismic resistant designing levels/categories – ordinary moment frame,
intermediate moment frame and special moment frame will be studied for blast
performance. 4-story and 8-story archetype buildings (Fig 3-2) will be used designed based
on seismic demand criteria given in Table 3-2. The 6 archetype buildings with their
reference number (archetype buildings will be referred using their ref. # form here on) is
shown in table. Ordinary and Special Moment Frame were compiled from Haselton at el
and intermediate frame was designed using SAP2000. The general geometric details for 4
and 8 story building are shown in table.

Design Level
Special Moment Frame

Ss

S1

1.88 1.21

Intermediate Moment Frame 0.94 0.64
Ordinary Moment Frame

Table 3-2:

0.41 0.31

Seismic Design Criteria for Archetype Buildings
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Ref. #

Archetype Building Description

401

Four story Ordinary Moment Frame

402

Four story Intermediate Moment Frame

403

Four story Special Moment Frame

801

Eight story Ordinary Moment Frame

802

Eight story Intermediate Moment Frame

803

Eight story Special Moment frame

Table 3-3:

Archetype buildings with their reference number

Framework for evaluating the blast performance of archetype buildings is shown in
Figure 3-15. Three different TNT sizes will be used to simulate explosion are compact car
bomb (500 lbs.), sedan bomb (1000 lbs.) and delivery-truck bomb (4000 lbs.). The bomb
sizes are obtained from data published by NCTC (National Counter Terrorism Center). A
logarithmic grid is placed around the archetype building and in each unique location a TNT
is placed to create possible scenarios. Figure 3-16 shows the logarithmic grid around the
archetype building and blast scenario with TNT placed at (100ft, 100ft) from origin. The
mean loss ratio for each scenario is evaluated using the loss estimation framework
developed in section 3.5 and mean loss ratio contours around the building.
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Figure 3-15: Framework for evaluating blast performance of archetype RC buildings
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Figure 3-16: Logarithmic grid around archetype building with a TNT scenario

3.6 Results and Discussions

3.6.1 Loss values for archetypes

The logarithmic loss contour plots were generated for 6 archetype buildings for
three TNT sizes – 500 lbs., 1000 lbs. and 4000 lbs. are shown in Figure 3-19 to 3-36. The
loss values at a point on the contour plot corresponds to estimated loss for location of TNT
at that location. Figure 3-17 and 3-18 shows, the loss ratio vs scaled distance plot for
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different archetypes. When the scaled distance was less than 7 lbs./ft3 loss ratio is 100%
for almost all structures due to collapse and between 7 to 30 lbs./ft3 loss was contributed
from structure and façade combined. Beyond 30 lbs./ft3 loss is almost constant and less
than 13% for all the archetypes, which indicates that the loss comes only from glazing
damage as buildings have same properties for their glazing system. 30 lbs./ft3 also marks
the point beyond which archetypes will not get any structural damage. At 200 lbs./ft3 the
loss for all archetypes is almost zero as from this point glazing suffers no damage from
blast. The no damage range can be reduced by using tempered or blast resistant glasses.
The contours loss plot showed, the loss for an archetype decreased as seismic
strengthening schemes increased which showed the benefit of seismic resistance design.
This benefit is quantified in terms of benefit ratio discussed in next section. The plot also
shows that the loss for 8 story building is lower than 4story building for same seismic
strengthening schemes. This is because, the capacity of the structure elements in 8 story
building is higher compared to 4 story.

Figure 3-17: Loss Ratio vs Scaled Distance plot for 4 Story archetype buildings
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Figure 3-18: Loss Ratio vs Scaled Distance plot for 8 Story archetype buildings

Figure 3-19 : Mean loss ratio contour plot for Building #401 with 500 lbs. TNT
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Figure 3-20: Mean loss ratio contour plot for Building #402 with 500 lbs. TNT

Figure 3-21: Mean loss ratio contour plot for Building #403 with 500 lbs. TNT
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Figure 3-22:

Mean loss ratio contour plot for Building #801 with 500 lbs. TNT

Figure 3-23: Mean loss ratio contour plot for Building #802 with 500 lbs. TNT
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Figure 3-24:

Mean loss ratio contour plot for Building #803 with 500 lbs. TNT

Figure 3-25:

Mean loss ratio contour plot for Building #401 with 1000 lbs. TNT
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Figure 3-26:

Mean loss ratio contour plot for Building #402 with 1000 lbs. TNT

Figure 3-27: Mean loss ratio contour plot for Building #403 with 1000 lbs. TNT
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Figure 3-28:

Figure 3-29:

Mean loss ratio contour plot for Building #801 with 1000 lbs. TNT

Mean loss ratio contour plot for Building #802 with 1000 lbs. TNT
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Figure 3-30: Mean loss ratio contour plot for Building #803 with 1000 lbs. TNT

Figure 3-31: Mean loss ratio contour plot for Building #401 with 4000 lbs. TNT
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Figure 3-32:

Mean loss ratio contour plot for Building #402 with 4000 lbs. TNT

Figure 3-33: Mean loss ratio contour plot for Building #403 with 4000 lbs. TNT
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Figure 3-34: Mean loss ratio contour plot for Building #801 with 4000 lbs. TNT

Figure 3-35:

Mean loss ratio contour plot for Building #802 with 4000 lbs. TNT
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Figure 3-36: Mean loss ratio contour plot for Building #803 with 4000 lbs. TNT

3.6.2 Comparison of Loss with DOD PI curves

Department of defense has provided curves Pressure-Impulse (PI) curves for
‘Medium RC Structure’ to estimate damage for RC buildings with base area greater than
2500 sq. ft. to estimate blast damage percentage. This PI damage percentage was compared
with the loss percentage with archetype building 403 with 500 lbs. TNT (Figure 3-37,38).
The comparison of loss 3D loss surfaces for other scenarios are shown in Appendix B. The
comparison showed that that for near field the modeled loss values are higher compared to
DOD values – this might be because of use progressive damage estimation module which
increases damages. For far filed values the modeled loss values were again higher – this
might be because of the added loss from glazing damage which is not include by DOD
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curves. The plots in Appendix C shows, for 4000 lbs. TNT the values were close to DOD
values for range of 500 ft to 800 ft.

Figure 3-37: DOD surface for Medium RC building compared with results for
archetype 401 with 500 lbs. TNT

Figure 3-38:

DOD contours for Medium RC building compared with results for
archetype 401 with 500 lbs. TNT

112

3.6.3 Quantification of benefit from seismic resistance design

In order to quantify the benefit from seismic resistance design, the loss values are
normalized to ordinary moment frame design (archetype ref. #*01). For this a term –
‘Benefit Ratio’ is introduced which is the ratio of loss from ordinary moment frame to loss
from other archetypes as shown in Eq-22.

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴𝐴𝐴𝐴𝐴ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(Eq. 22)

Figure 3-39 and 3-40 shows the scattered benefit ratio plots for 4 story and 8 story
archetypes respectively. The plot shows that the benefit from 401 is unit in all the cases as
it is the normalizing archetype. There is no benefit from seismic resistant designs in Z< 6
lbs./ft3 as all archetypes had collapsed is this region with 100% loss. Similarly, there is
almost no benefit from seismic design when Z >30lbs./ft3 because the loss is from glazing
damage or there is no damage at all. The benefit from seismic design can be clearly seen
in between 6 lbs./ft3 and 30lbs./ft3 where the benefit for archetype 402 is higher compared
to archetype 403. The maximum benefit ratio was as high as 2.75 for archetype 403 at
scaled distance of about 11 lbs./ft3 and 2.4 for archetype 403 at scaled distance of about 10
lbs./ft3. This shows that a maximum benefit from seismic design can be achieved at some
optimum distance from blast.
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Figure 3-39: Benefit ratio for 4 Story Archetypes

Figure 3-40: Benefit ratio for 8 story archetypes
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3.7 Conclusion

This loss estimation framework can be used to estimate blast loss values for
different designs of RC buildings like employed for 6 types of archetype buildings in this
study. The framework can be used by engineers for design of blast resistant structure. The
loss contours developed can be used to estimate tentative loss values by insurers and
designers. The comparison of DOD PI damage curves with modeled loss surface shows
modeled values are usually higher implying that values from PI curves might not be
conservative. The loss values help to mark standoff distances for collapse, structural
damage and glazing damage region. Seismic resistance design does provide benefit to blast
between the scaled distance of 6lbs./ft3 and 30lbs./ft3. The near filed range under 6lbs./ft3
does not give any benefit due to total loss or complete collapse of all archetype buildings
and the far filed range over 30lbs./ft3 also does not provide any benefit to seismic design
due to glazing only damage or weak blast loads causing no structural damage.
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CHAPTER 4
PROBABILISTIC METHODOLOGY FOR TERRORISM BLAST
RISK ASSESSMENT

4.1 Abstract

In this study, a probabilistic methodology has been developed to quantify terrorism
blast risk for buildings. A portion of this study has been published in ICASP13 conference
(Paresh et al., 2019). Concept of protection zones, which are zones in building with varying
level of security, has been introduced based on the principle - as security increases the
probable size of bomb should decrease. Probable bombs are uniformly placed at each
protection zone to create many possible scenarios of terrorism event. A variance in weight
of explosive is assigned based on how the Improvised Explosive Device (IED) were built
up by terrorist. Blast parameters (pressure and impulse) are estimated at many locations in
3D model of building for each scenario using a modified Kingery and Bulmash (KB) blast
model called KB beta model developed in chapter 2. The United States Department of
Defense’s Pressure - Impulse damage curves are used to convert blast parameters to
damage. The average damage to the building is estimated based on aggregation of damages
to the building components. The methodology is applied to investigate the recent Brussels’
airport attack incident and the results are compared with actual Brussels’ Airport Attack.
Threat reduction strategies are employed as mitigations, and their effectiveness is
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compared. The terrorism-blast risk assessment shows that the attack could have been
worse.

4.2 Introduction

Kingery and Bulmash Blast model (Kingery et al. 1984) is a popular blast model
developed using data obtained from large-scale controlled TNT explosions. For a scaled
distance, the KB model gives incident and reflected blast parameters. A modified
probabilistic version of the simplified KB model (Swisdak et al. 1994) called the KB-β
model is used in this study to get the blast parameters.
In generalized form the KB beta model is:
(Eq. 4-1)

𝐾𝐾𝐵𝐵𝛽𝛽 (Z) = 𝐾𝐾𝐾𝐾(𝑍𝑍). 𝜇𝜇1 . Ф

where KBβ is the KB beta model parameter, KB is corresponding KB model parameter, μ1
is bias correction and Ф is random error ratio provided in Chapter 2.
There is also variability is predicting the weight of an explosive based on method
of its production. Manufactured explosive will have less coefficient of variance (COV) but
higher efficiency compared to homemade explosive. The COV in weight is 11% for
commercially produced Ammonium Nitrate Fuel Oil (ANFO) and 25% for homemade
ANFO (Stewart, 2019). The Relative Effectiveness (RE) for commercial ANFO is 0.82
and 0.6 for homemade ANFO (Stewart, 2019) in terms of TNT equivalency. Department
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of Defense Explosives Safety Board (DDESB) has developed Pressure Impulse (PI)
damage curves (referred as DOD-PI curves) for different building and building
components. DOD-PI curve (Figure 2) can be used for estimating damage ratio for
corresponding values of pressure and impulse.
FEMA 452 discusses about “layers of defense” which is a traditional approach used
in security engineering by demarking regions for different security strategies against threat.
A similar concept has been introduced in this study as protection zones, which are different
zones in the building with varying security level. Probable bomb sizes are placed in
different protection zones and damage ratio is evaluated using DOD-PI structures. Case
study for Brussels’ airport has been shown as an example for this method and results from
terrorism risk assessment is compared with the actual Brussels’ airport terrorist attack of
2016.

4.3 Development of Loss Estimation Framework.

The module for estimating damage and loss for a building subjected to blast load is
shown in figure 4-3. Building exposure data was read and the building is divided into floor
and wall points (Figure 4-6). Pressure and Impulse on each these points are measured using
KB reflected beta model and damage is estimated by interpreting pressure and impulse
values using DOD PI damage curves. The DOD curves for medium RC building and
Annealed Glazing is shown in Figure 4-1 and Figure 4-2 is used for interpreting damage
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for case study (Brussels Airport) building. DOD curves for other type of structure and
glazing are shared in Appendix C. Mean damage for façade and floor is measured, and
damage percentage is assumed to be equivalent to loss percentage. Council on Tall
Buildings and Urban Habitat (CTBUH) has published data on percentage on relative
elemental costs for low rise and high-rise buildings in central London, that shows the
façade contributes as about 17% of total cost of the building for low rise buildings and
about 18% of tall buildings (Payton, 2015). Here it is assumed that façade contributes about
20% of the total cost (or loss). So, total loss to the building is estimating considering façade
contributes to 20% and floor contributes remaining 80%.

Figure 4-1:

DOD Pressure Impulse Damage Curves for Medium RC Structure
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Figure 4-2: DOD Pressure Impulse Damage Curves for Annealed Glazing

Figure 4-3:

Loss estimation module for estimating blast loss percentage for buildings.
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4.4 Development of Probabilistic Terrorism Model

When security increases, threat must decrease or in this case, the size of bomb
should decrease. Protection zones are different zones around a building with varying level
of security. So, each protection zone is associated with a probable size of bomb. For
example, for parking areas of the building the probable bomb would be a vehicle bomb,
inside the building the probable bomb would be a suitcase bomb and in highly secure areas
it could be a suicide bomb or no bomb at all. Using this concept, a methodology has been
proposed for probabilistic quantification of terrorism blast risk.

Figure 4-4:

Flowchart showing framework to evaluate terrorism risk using protection zones
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The flowchart (Figure 3) shows the framework for evaluate terrorism blast risk
using protection zones. First different protection zones were marked inside and outside the
building. For a zone, probable bombs were uniformly placed around the zone. Each bomb
location acts as a terrorist attack scenario and for each scenario the loss estimation module
gives loss percentage. Loss percentage compiled for each protection zones was compared
to understand the consequence.

4.5 Case STUDY: Brussels’ Airport

On 22nd March 2016, two suicide bombers detonated about 44 pounds (NBC News,
2016 & MSA Security, 2016) of TATP (Triacetone Triperoxide aka Peroxyacetone) each
in a suitcase with metal nails and bolts. The two bombs were exploded in the North
Terminal in checking row 11 and 2 respectively (Durden 2019). Damage percentage for
the actual TNT explosion calculated treating the two explosions as two separate events and
is compared with simulated damage percentage which was found to be around 4% for each
explosion. The risk associated with Brussels’ airport is determined by using five protection
zones and effect of commercially and homemade is studied. Three strategies are employed
to increase security in protection zones to study the influence of these strategies in threat
reduction
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4.5.1 Risk Assessment for commercial and homemade IED

In this study, five protection zones for Brussels’ airport were assigned as shown in
Figure 4-5. Protection Zone 1 and 2 were marked inside the building. Zone 1 is secure area
after baggage check-in where threat IED is equivalent to pipe bomb and Zone 2 is area near
or before baggage check-in where threat IED is equivalent to suitcase bomb. The IED
outside the building will be (VBIED) vehicle-borne improvised explosive device. Zone 3
is two levels for arrivals and departures where threat VBIED is a family car. Zone 4 is six
story parking building where threat VIBED can be as large as a cargo van. Zone 5 is parking
for employee were larger transportation vehicles are parked, hence threat VBIED can be
as large as a delivery truck.

Figure 4-5:

Five Protection zones
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A common explosive material used by terrorist in preparing IED is ANFO. The
tentative bomb sizes for ANFO IED’s were acquired from data published by National
Counterterrorism Center (NCTC). The masses are a function of the way IED’s were
prepared. The IED’s can be packed with commercially prepared ANFO or homemade
ANFO. This creates two scenarios for blast as shown in Table 4-1 and 4-2. The bomb
weights are generated randomly using a lognormal distribution. The lognormally generated
values for 1000 lbs. commercial and homemade ANFO (Figure 4-6) which shows the
variance in homemade explosive is higher, but its efficiency is lower.

Table 4-1:

Protection zone parameters for Commercial ANFO

Table 4-2:

Protection zone parameters for Homemade ANFO
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Figure 4-6:

PDF for commercial and homemade 1000 lbs. ANFO

A simplified 3D- model of the Brussel airport North terminal was created by
dividing the building into wall and floor points as shown in Figure 4-6. Randomness is
added in the bomb size assuming the IED to be commercial. The building goes through
framework as shown in Figure 4-4. The pressure and impulse plot for a VBIED scenario
in protection zone 3 is shown in Figure 4-7 and Figure 4-8 and the damage percentage plot
is shown in Figure 4-9.
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Figure 4-7:

Figure 4-8:

3D model of the building showing wall and floor points

Pressure plot for building due to VBIED(Cargo Van) in Protection Zone 3
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Figure 4-9:

Impulse plot for building due to VBIED(Cargo Van) in Protection Zone 3

Figure 4-10: Damage plot for building due to VBIED(Cargo Van) in Protection Zone 3
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The loss values obtained for different protection zones were compared as CDF plots
to understand the range of loss for each zone (Figure 4-11). The procedure is repeated for
homemade and compared with results of commercial IED case. The protection zone
scenarios can be combined using if probability of occurrence of each is known. In this
study, the five protection zones are given equal probabilities of occurrence of 0.2 and
combined complementary CDF curve or hazard curve is generated and compared as shown
in Figure 4-12.

Figure 4-11: CDF plot of loss percentage for three protection zones with commercial
and homemade IED's
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Figure 4-12: Complementary CDF / Hazard Curve for Commercial and Homemade
ANFO combined plots

4.5.2 Threat reduction mitigation strategies for commercial ANFO

Three mitigation methodologies were employed in for commercial ANFO case as
strategies to reduce the imposed threat. The first mitigation was employed in protection
zone 4 which is a six-story parking structure. The maximum possible VBIED is cargo van
with size of 4000 lbs. ANFO. Vehicle height limiters will be employed in the entrance of
parking to limit the size of vehicles in the building to sedan cars. This reduces the VBIED
size to 1000 lbs. ANFO as shown in Table 4-5.
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The second mitigation was employed at protection zone 5 which is an employee
large vehicle parking area. The maximum possible VBIED is cargo truck with size of
10000 lbs. ANFO. Vehicle barricades will be used to not allow any vehicles in this area
considering the safety issue and the area will be used for some other purpose. This moves
the protection zone away from the building with height limiters and reduces the VBIED
size to 1000 lbs. ANFO as shown in Table 4-6. The new protection zone is shown in Figure
4-. The third mitigation is 1st and 2nd combined as shown in Table 4-7.
The CDF curves for each zone were combined considering equal probability of
occurrence for each zone (Figure 4-14) and complement of these curves gave hazard
curves. The hazard curves show the amount of reduction in risk with each strategy
employed.

Table 4-3:

Protection zone parameters with Mitigation 1
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Figure 4-13: Protection Zones for Mitigation 2

Table 4-4:

Protection zone parameters with Mitigation 2

Table 4-5:

Protection zone parameters with Mitigation 3
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Figure 4-14:

CDF for losses for commercial ANFO attack and three mitigations

Figure 4-15: Complementary CDF/Hazard Curve for losses for commercial ANFO
attack and three mitigation
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4.6 Result and Discussions

The results for commercial and homemade ANFO cases show that homemade IED
are more uncertain but have less efficiency. The hazard curve shows the risk associated
with homemade IED’s are less compared to commercial ones. The actual Brussels’ Attack
caused around 4% loss for each of the two bombs, which could have been much worse.
For Zone 5 the loss could have been as high as 60%. The strategies employed reduce the
associated risk for commercial bomb.

4.7 Conclusions

Using this method consequence for various scenarios terrorist attack can be realized
and worse possible scenario can be identified. Decision makers can use this information to
plan accordingly to reduce the consequence and avoid the worst case. Strategies for
reducing threat can be achieved by improving security. Limiting the bomb size using
vehicle height limiters, vehicle weight limiters, anti-truck barriers, traffic barriers, etc. will
help reducing the risk. In this study, the damage calculation process using floor and wall
points is crude. The employed method does not consider the possibility of progressive
collapse. A comprehensive damage model will give results that are more realistic.
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CHAPTER 5
DEVELOPMENT OF BLAST CASUALTY MODEL

5.1 Abstract

A probabilistic casualty model has been developed in this chapter to estimate the
consequence of blast injuries to people. Population of a building is estimated using
available data and FEMA P58 population model. The blast parameters (pressure and
impulse) are calculated using Kingery and Bulmash blast model. The primary and
secondary effects of blast is calculated on each person and four injury states – no injury,
minor injury, major injury and fatality are assigned to people. Monte Carlo simulation is
used to randomly distribute people on each floor and sample injury states for each blast
scenario. An agent-based model (ABM) has been developed to track movement of people
in case of multiple blast scenario. Finally, the model is used to study three case studies –
Brussels’ Airport bombing, Manchester Arena’s Bombing and Oklahoma City Bombing.

5.2 Introduction

Blast events have caused great loss to humanity. The 2001 WTC attack is the worst
terrorism event in the history which killed around 3000 and injured more than 6000 people
(Washington Post). Before that, in 1993 WTC was attacked that caused 6 fatalities and
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injured more than 1000 people (Dwyer et al., 1994). The 1995 Oklahoma City bombing
took live of 166 people and injured more than 680 people. (Shariat et al., 1998). Some of
the recent events like -the Manchester arena bombing in 2017 and Brussels Airport attack
in 2016 caused 22 fatalities & 130 injuries and 17 fatalities & 81 injuries respectively. This
chapter focuses on development of casualty model for estimating injury consequence of
blast.
Section 5.4 discusses development of injury models for estimating primary and
secondary injuries of blast. It also discusses on development of an agent-based model to
analyze panic movement of people in between multiple blasts towards exits. Finally, the
injury models, ABM and blast scenario were put in a framework to develop a probabilistic
casualty model. In section 5.5, casualty model is used to study three case studies – Brussels’
Airport bombing, Manchester Arena’s Bombing and Oklahoma City Bombing.

5.3 Background

5.3.1 Blast Injury

Zuckerman et al. 1941, classified blast injury into four main injury types – Primary
injury, Secondary injury, Tertiary injury and Quaternary Injury (Patel et al. 2012). The
primary injury is due to direct exposure with blast overpressure that may lead to ear drum
damage, lung damage, etc. Secondary injury includes the effect of debris, usually glazing
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and fragments, flying into people causing penetration and impact injuries. Tertiary injury
is caused by blast wave knocking over victims to impact solid objects nearby. Quaternary
injuries include disease or exacerbation of existing disease caused by blast.
UFC 3-340-02, US-DOD report – “Effects of Nuclear Weapon” and Baker et al.
2010, have developed methods to quantify Primary injuries of blast. Zipf et al. 2006, has
compiled a table for measuring effects of blast on structure and human body using
Department of Defense data from Glasstone and Dolan (1977) and Sartori (1983). FEMA
426 has shared injury curves for estimating fragment and glazing injury distances for
different weights of blast. Marchand et al. 2006, has discusses about ISS (Injury Severity
Scores) curves for estimating different injury states of blast.

5.3.2 Population Model

The major input for required for casualty modelling is a population model. Koko et
al. 2009, has developed a methodology to estimate building population in a census tract as
a fraction of total population of census tract weighted by building footprint area or total
floor area. FEMA P58 has developed population models for quantifying injuries for seismic
hazard scenarios (Appendix D). Population density per 1000 sq. ft. for various kinds of
occupancy types are provided for different times of the day. The same population data can
be used for blast hazard too.
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5.4 Development of Casualty Model

5.4.1 Population Model

The population model was derived from FEMA-P58 population model (Appendix
D). The FEMA P58 has population data for different time and different day (business or
weekend). For blast it is assumed that an attack will happen at the worst possible time and
peak population from is used for modeling. The population model is a function of
occupancy of the building (Table 5-1). This model is not used in the case where more
robust data is available for exact population of building.

Occupancy

Peak Population
(per 1000 sq. ft)

Commercial

4.0

Elementary School

14

Middle School

14

High School

12

Healthcare

5.0

Hospitality

2.5

Multi-Unit Residential

3.1

Research Laboratories

3.0

Retail

6.0

Warehouse

1.0

Table 5-1:

FEMA P58 Peak Population Data
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5.4.2 Injury States

Marchand et al. 2006 has compiled a table (Appendix ) to show injury state
definitions for 5 injury states from (Building Injury Calculator and Databases) BICADS
(Oswald et al.,2003) in terms of Injury Severity Score (ISS) and Abbreviated Injury Scores
(AIS). Those definitions were used o define four injury sates for casualty modeling as
shown in Table 5-2. The injury states are sequential and probability of occurrence of each
injury state are estimated using Eq. 5-1 (Porter, 2019). D is set of damage states d such that
D={0,1,2,3,4…ND), EDP is Engineering demand parameter (pressure, impulse, scaled
distance, etc. ) and ND is last damage state. For e.g., P[3|Z=10] reads probability of getting
injury state three (fatality) given scaled distance is 10 ft/lb0.33.

Injury State

Description

No Injury
(0)

No or small medical treatment

Minor Injury

Medical treatment required

(1)

with short-term hospitalization

Major Injury

Medical treatment required

(2)

with long-term hospitalization

Fatality
(3)

required without hospitalization

Fatality due to severe injury

Table 5-2:

Tentative
ISS

Tentative
AIS

0-4

0-1

5-10

2

11-24

3-4

>=25

5-6

Injury State definition for casualty model
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P [D=d | EDP=x] = 1 – P [D ≥ 1 | EDP=x]

d=0

= P [D ≥ d | EDP=x] – P [D ≥ d+1 | EDP=x]

1≤d≤ND

= P [D ≥ d | EDP=x]

d=ND
(Eq. 5-1)

5.4.3 Primary Injury Model

The primary injury model estimates injuries as ear drum rupture and lung damage.
UFC, DOD and Baker et al. 2010, data shows that the threshold for eardrum rupture is 5psi
and median is at 15 psi (Figure). The probability for glazing damage is estimated using
normal distribution assuming mean to be 15 psi and threshold 5psi to be 3σ (includes 99.7%
of data) away (Figure 5-2).

Figure 5-1:

Human ear drum rupture due to blast
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Figure 5-2: PDF and Probability of Ear Drum Rupture (CDF)

Figure 5-3 shows survivability curves for lung damage compiled from DOD and
Baker et al. 2010 which was used to come up with survivability surfaces (Figure 5-4) for
lung damage which is function of pressure and scaled impulse (impulse is scaled by weight
of person assuming it to be around 150lbs.) The survivability and percentage and ear drum
rupture data were used to define injury sates making necessary assumptions and
judgements in Table 5-3. CDF curves (Figure 5-6) and Eq. 5-1 give probability of
occurrence of each injury state (Figure 5-7).

146

Figure 5-3:

PI damage curves for survivability percentage for lung damage

Figure 5-4:

PI damage surface for survivability percentage for lung damage
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Lung Damage
Survival %

Ear Drum Rupture
No

Table 5-3:

Injury State

>99

0

Yes, or

99-80
(µ=99.5, σ=3.167)

1

Yes, or

80-50
(µ=65, σ=5)

2

Yes, or

50-0
(µ=25, σ=8.33)

3

Injury State Definitions for ear drum rupture and survivability percentage

Figure 5-5:

PDF and CDF plots for injury states as function of survivability
percentage

148

Figure 5-6:

Probability of injury states as a function of survivability percentage

5.4.4 Secondary Glazing Injury Model

The secondary glazing injury model was developed relying on the FEMA damage
curves. FEMA has provided glazing injury curves for ‘Minor Cuts’ and ‘Severe Wounds’
for different stand off and TNT size. ‘Minor Cut’ was assumed to be mean of minor injury
level and ‘Severe Wound’ was assumed to be mean of major injury. The difference between
minor and major injury curve was used to mark mean of fatal injury curve. Fatal injury
curve was assumed to be at same distance away from major injury curve as minor injury
curve is from major (Figure 5-7).
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Figure 5-7:

Marking Fatal Injury Line using FEMA data

Figure 5-8:

Glazing Injury States and Curve Fit Parameters

An example for estimating glazing injury states for 100 lbs. TNT is shown below.
The mean injury states for 100 lbs. are obtained from the curve fit equations (Figure 5-8).
The CDF and PDF curves (Figure 5-9) for injury states 1,2 and 3 were obtained using the
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lognormal distribution parameters.

Eq. 5-1 was employed to obtain probability of

occurrence of all 4 injury states. (Figure 5-10).
The glazing injury model also considers for shadowing effects. When the blast is
outside the building, front face of the buildings was determined and only people who are
close to the windows of front walls are affected by glazing injury (Figure 5-11). People
who are further away are assumed not to be affected due to shadowing. Oklahoma bombing
case study is presented later where only people standing 20 ft of front walls are assumed
to be injured by glazing.
Normal Distribution Parameters for injury states:
µ1 = 52.131*1000.4723= 373 ft
µ2 = 30.848 * 1000.4501 = 245 ft
µ3 = 10.826*1000.5163 = 117 ft
3σ1 = (µ1 - µ2)/2

=> σ1= 21.3 ft

3σ2 = (µ1 - µ2)/2 =(µ2 - µ3)/2

=> σ2= 21.3 ft

3σ3 = (µ2 - µ3)/2

=> σ3= 21.3 ft

Probability of occurrence of injury states
P [D=d | R=r] = 1- P [ D≥1|R=r]

d=0

= P [ D≥d |R=r] - P[ D≥d+1|R=r]

1≤d<3

= P [ D≥d |R=r]

d=3
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where, D are injury states {0 1 2 3}
R is standoff distance
P [D=d | R=r] is Probability of getting injury state ‘d’ for given standoff r

Figure 5-9:

Lognormal PDF and CDF curves for glazing injuries due to 100 lbs. TNT

Figure 5-10: Probability for each glazing injury state occurring (for 100 lbs.)
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Figure 5-11: Shadowing Effect for glazing injury

5.4.5 Secondary Fragment Injury Model

Like glazing injury model fragment injury curves are obtained from FEMA curves.
FEMA has provided fragment injury curves for ‘Threshold Injury’ and ‘Potential Lethal
Injury’ for different stand off and TNT size. ‘Threshold’ is assumed to be mean of minor
injury level and ‘Potential lethal Injury’ is assumed to be mean of major injury. The
difference between minor and major injury curve is used to mark mean of fatal injury curve.
Fatal injury curve is assumed to be at same distance away from major injury as minor injury
is from major (Figure 5-12). The differences between the injury states used to estimate
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sigma values. An example for estimating fragment injury states for 100 lbs. TNT is shown
below. Then, mean and standard deviation is estimated as described above lognormal
distribution is used to get CDF and PDF curves. The fragment model is assumed to give
results for shrapnel injury.

Figure 5-12: Marking Fatal Fragment Injury Using FEMA data

Figure 5-13: Fragment Injury States and Curve Fit Parameters
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An example for estimating glazing injury states for 100 lbs. TNT is shown below.
The mean injury states for 100 lbs. are obtained from the curve fit equations as shown in
Figure 5-13. The CDF and PDF curves (Figure 5-14) for injury states 1,2 and 3 were
obtained using the normal distribution parameters. Eq. 5-1 was employed to obtain
probability of occurrence of injury states for all 4 injury states (Figure 5-15).
Normal Distribution Parameters
µ1 = 27.743*1000.344= 135 ft
µ2 = 18.181*1000.3403 = 87 ft
µ3 = 8.6538*1000.3271 = 39 ft
3σ1 = (µ1 - µ2)/2

=> σ1= 8 ft

3σ2 = (µ1 - µ2)/2 =(µ2 - µ3)/2

=> σ2= 8 ft

3σ3 = (µ2 - µ3)/2

=> σ3= 8 ft

Figure 5-14: Lognormal PDF and CDF curves for fragment injury states due 100
lbs. TNT
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Figure 5-15: Probability for each fragment injury state occurring due to 100 lbs. TNT

5.4.6 Agent Based Model (ABM) for multiple blast

The agent-based model is used in case of multiple blast scenario with time lag
between two blasts. The population model uniformly distributes the people in the building
assuming normal conditions. After the first blast people in the building are assumed to
move towards their closest exit. For the people outside the building same algorithm is used
to move people away from building. The evacuation speed of people can be determined
using occupancy of the building. Fahy et al. 2010, has created at database for speed of
people during evacuation drill based on occupancy. The same database also as data on
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speed of people with different locomotion disability. Ranges of these speeds are shown in
Table 5-4. The evacuation speed of people can also be determined based on population
density as compiled by Vytautas et al. 2010 and based on height of the building as compiled
by Kuligowski et al 2005.
In this study the data from Fahy at el will be used. The speeds estimated are from
evacuation drill in normal conditions. It is assumed during an actual blast people will run
with maximum possible speed. The speed of uninjured person is assigned based on
occupancy of the building. The speed of person with minor injury is chosen from speed of
people with locomotion disability and speed of person with major injury is chosen from
speed of people with walker (who need support).
Occupancy

Evacuation

Max Evacuation

Speed (m/s)

Speed (m/s)

Public Places

0.51 – 1.27

1.27

Theater/Educational

0.33-2.33

2.33

Industrial Building

0.56-2.33

2.33

Transportation Terminal

0.86-2.10

2.10

Stairs

0.42-1.28

1.28

Without Locomotion Disability

0.82-1.77

1.77

Locomotion Disability

0.1-1.68

1.68

With Walker (needs support)

0.1-1.02

1.02

Table 5-4:

Evacuation Speeds for Agent Based Model
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Algorithm for agent-based model is shown below:

Figure 5-16: Algorithm for Agent Based Model

5.4.7 Casualty Model Algorithm

In a 3D model of building people were distributed using the population model.
blast parameters on each person in the building was estimated using KB model. The blast
parameters were interpreted to injury states using primary and secondary injury model.
The algorithm for secondary injury model is shown in Figure 5-18. In case of multiple
blast, the framework will go through an ABM that will change the locations of people.
This procedure is repeated to sample results for Monte Carlo simulation.
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Figure 5-17: Framework for Casualty Modeling

Figure 5-18: Framework for Secondary Injury Model
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5.5 Case Studies

5.5.1 Case Study for Brussels’ Airport Attack

On 22nd March 2016, two suicide bombers detonated about 44 pounds (NBC
News, 2016 & MSA Security, 2016) of TATP (Triacetone Triperoxide aka Peroxyacetone)
, i.e. about 35 lbs. equivalent TNT, each in a suitcase with metal nails and bolts. The two
bombs were exploded in the North Terminal in checking row 11 and 2 respectively (Durden
2019). There were 17 casualties and 81 injuries during this event (Fitzpatric et al. 2016).
The exit locations for ABM were obtained from Brussels’ airport map obtained from
BRUXX website maintained by Brussels’ Airport.

Figure 5-19: Brussels’ Airport Attack
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Inputs for Casualty model

Number of Casualty Simulation

:1000

Population density (per 1000 sq. ft.) :2.5 for Hospitality occupancy
TNT size

: 35 lbs. each

Input for ABM
Time Lag

: 9 sec

Uninjured Speed

:2.1 m/s

Minor Injury Speed

:1.27 m/s

Major Injury Speed

:1.02 m/s

Figure 5-20: Brussels’ Airport Injuries for a simulation in 4th floor after first bomb
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Figure 5-21: Brussels’ Airport Injuries for a simulation in 4th floor after second bomb

`
Figure 5-22: CDF and PDF of injuries estimated for Brussels’
Airport
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Injury States

Range

Mean

Std. Dev

Actual Injury

Mean

Fatality

5 - 31

17

4

Fatality

17

Major Injury

23 - 66

42

6

Injury

81

Minor Injury

47 - 92

69

8

Table 5-5:

Brussels’ Airport Casualty Model Results and Actual Injury Data

5.5.2 Manchester Arena Case study

On 22nd May 2017 a shrapnel-laden bomb was detonated in Manchester Arena,
Manchester, United Kingdom. The bomb was exploded as people were leaving Manchester
Arena following a concert. Chivers 2017, in The New York Times mentioned that the
bomber had carried the IED in a lightweight metal container concealed by a vest or
backpack, so the bomb size was assumed to be a pipe bomb based on NCTC chart. The
event caused 22 fatalities and 119 direct injuries (Morley 2017; BBC News). The injured
number has been updated to 250 including psychological trauma however the previous 119
direct injury will be used for comparison.
FEMA P58 population model does not have occupancy data for stadium so actual
population of the attendance was acquired. Around 21000 people (Manchester Evening
News) attended the ceremony which were assumed to be distributed in the population
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domain below resulting a population density of 23 people per 1000 sq. ft. This density was
higher than population density for all occupancy types provided by FEMA P58 as a concert
was organized during that day. This gave a population of about 250 people in the injury
domain (i.e. the Foyer for arena where the incident occurred).

Figure 5-23: Manchester Arena Domain, Green Dot shows bomb location

The casualty model was run for Manchester Arena with following inputs:
Number of Casualty Simulation

:1000

Population density (per 1000 sq. ft.) :23
TNT Size

:5 lbs.

The inputs for ABM are not required as this is a single blast event.
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Figure 5-24:

Figure 5-25:

Results of one of 1000 simulations

PDF and CDF plots for Manchester Arena Injuries
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Injury States

Range

Mean Std. Dev

Fatality

8-34

20

4

Major Injury

49-93

72

Minor Injury

64-120

90

Table 5-6:

Actual Injury

Mean

7

Fatality

22

8

Injury

119

Manchester Arena Casualty Model Results

5.5.3 Oklahoma Bombing Case Study

On April 19, 1995, a 4000 lbs. TNT equivalent truck bomb was exploded 16 ft from
the Alfred Murrah Federal Building (Mlakar et al., 1998). The building had partial collapse
and claimed the lives of 163 people and injured 168 (Shariat et al., 1988). The population
in the building reported at that time was 361 people. This population was uniformly
distributed throughout the 9-story building (FEMA 277) with 2.2433 people per 1000 sq.
ft. population density. Oklahoma building suffered partial collapse during this event and
the tentative partial collapse region (FEMA 277) was marked and 90% of people in that
area were given injury state 3. The actual injury data shows about 10% of the people were
rescued form rubbles of collapsed structure so, 10 % survival is assumed.
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Figure 5-26: Oklahoma Bombing Domain, Green point shows bomb location

The casualty model was run for Murrah Building with following inputs:
Number of Casualty Simulation

:1000

Population density (per 1000 sq. ft.) :2.2433
Bomb Size

:4000 lbs.
The inputs for ABM are not required as this is a single blast event.

Figure 5-27: Oklahoma Bombing Injuries for one of 1000 simulations
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Figure 5-28: PDF and CDF plots of Oklahoma Bombing Injuries

Injury States

Range

Mean

Std. Dev

Actual Injury

Mean

Fatality

58-249

159

28

Fatality

163

Major Injury

9-29

28

3

Major Injury

48

Minor Injury

21-174

101

21

Minor Injury

120

Table 5-7:

Oklahoma Bombing Casualty Model Results
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5.6 Conclusion

A probabilistic casualty model was developed to estimate blast injuries
consequence on people. This method can be used by engineers to understand the risk to
people’s live due to a blast event and make required design modifications to increase safety.
Insurers can use this model to understand the injury risk to people and update their policies.
The three case studies showed that the actual injuries estimated were within the
range of modeled injures. The results also show that the injuries might have been worse
just because of the position of the people which was captured by Monte Carlo simulation.
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CHAPTER 6
CONCLUSION & RECOMMENDATIONS

6.1 Conclusion

In this study, a probabilistic model - KB beta model was developed in Chapter 2 by
modifying existing blast model with available experimental result. The model was used to
generate glazing fragility curves and study Oklahoma bombing case study. In Chapter 3
blast loss evaluation method was developed and used to study 6 archetype buildings under
different blast loads. Chapter 4 introduces using protection zones for estimating terrorism
risk associated for a building. Finally, in chapter 5 injury models are developed to estimate
blast impact on humans.
The specific conclusions from chapter 2 are discussed below:
(1) In order to get accurate deterministic results computational fluid dynamics
model should be used. However, considering the high computational demand of such
models, the uncertain blast model will help make reasonable decisions in reasonable
timeframe.
(2) The probabilistic model can be used to generate fragility curves for various
structural components. The fragility curves generated for three glazing types can be used
for quick damage estimates at different standoffs and the upper bound of the curves will be
useful for worst-case scenario study.
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(3) The Oklahoma City case study damage state comparison shows that the actual
damage lies within the range of simulated damage. The range of simulated damage states
shows that the actual damage could have been much worse which helps the policy makers
and insurers to make better decisions.
The specific conclusions for chapter 3 for quantifying seismic design benefit for
blast performance are discussed below:
(1) This loss estimation framework can be used to estimate blast loss values for
different designs of RC buildings. Since blast load causes local damage and then damage
propagation resulting global damage, component-based damage estimation with damage
progression is used to estimate blast damage. The damage is interpreted to repair cost using
FEMA P-58.
(2) The loss contours developed can be used to estimate tentative loss values by
insurers and designers for similar structures. The methodologies can be used to develop
loss contours for important buildings and plan accordingly for safety.
(3) The comparison of DOD PI damage curves with modeled loss surface shows
modeled values are usually higher implying that values from DOD PI curves might not be
conservative. This is because the DOD curves do not incorporate progressive damage and
structural details into consideration. Also, using DOD PI curves the seismic benefit cannot
be quantified so this methodology helps to evaluate the influence of reinforcement detailing
in RC structure.
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(4) The loss values help to mark standoff distances for collapse, structural damage
and glazing damage region. For the archetype buildings. seismic resistance design does
provide benefit to blast between the scaled distance of 7lbs./ft3 and 30lbs./ft3. The near
filed range under 7lbs./ft3 does not give any benefit due to total loss or complete collapse
of all archetype buildings and the far filed range over 30lbs./ft3 also does not provide any
benefit to seismic design due to glazing only damage or weak blast loads causing no
structural damage.
The specific conclusions for chapter 4 are discussed below:
(1) Protection zones are different zones around the building with varying level of
security. The principle of protection zone is that as security increases the probable size of
bomb should decrease. A terrorism risk estimation method was developed using this
principle.
(2) The developed probabilistic method for terrorism risk assessment which can be
used to understand consequence for various scenarios terrorist attack and worse possible
identify scenario. Decision makers can use this information to plan accordingly to reduce
the consequence and avoid the worst case.
(3) The Brussels’ Airport case study shows that most of the damage occurs due to
bombs in protection zone 5 so, security can be improved in that area by limiting the bomb
size (using vehicle height limiters, vehicle weight limiters, anti-truck barriers, traffic
barriers, etc.) and reduce the risk.
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(4) The securities strategies employed reduced the associated risk to great extent.
This also proves that instead of overdesigning the buildings for extreme blast loads
improving security might be an economical option.
The specific conclusions for chapter 5 are:
(1) A probabilistic casualty model was developed to estimate blast injuries
consequence on people. This method can be used by engineers to understand the risk to
people’s live due to a blast event and make required design modifications to increase safety.
Insurers can use this model to understand the injury risk to people and update their policies.
(2) The three case studies showed that the actual injuries estimated were within the
range of modeled injures for most cases. For Oklahoma bombing case the modeled injury
could not capture the major injury within the probabilistic range. The results also show that
the injuries might have been worse just because of the position of the people which was
captured by Monte Carlo simulation.
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6.2 Recommendations

The chapter wise recommendations are discussed below:
The specific recommendation for chapter 2 is:
(1) 520 experimental data points were used to quantify uncertainty in the
probabilistic blast model in chapter 2. It is assumed that these data successfully capture all
the uncertainty for now. However, with availability of additional blast data, the model
should be updated for future work.
(2) The developed KB beta model has not been modified for temperature and
atmospheric pressure effects. This is highly recommended to be included for the locations
with large variation in temperature and atmospheric condition compared to standard
conditions assumed for KB model.
(3) Oklahoma bombing case study was studied using the probabilistic model. It is
always recommended to use CFD modelling techniques for complex geometry scenario.
However due to computational and resource demand of CFD models it might not be
applicable in call cases, especially when a quick analysis is desired the probabilistic model
will be handy for tentative estimate.
The specific recommendations for chapter 3 are:
(1) FEMA-58 is a document dedicated specifically for evaluating seismic response
of the building. The damage-estimation assumptions are made for beams and columns
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such that their damage states are relatable to FEMA-58 damage states, based on
engineering judgement. With availability relatable data and expert judgement these
assumptions can be improved.
(2) The framework developed for blast loss estimation for RC building in chapter
3 can be modified to be used for other structures like wood, steel and masonry. The
framework does not consider factor like the effects of rise in temperature, falling impact of
collapsed structures, redundancy of structures in damage progression, which can be area of
research for future work.
(3) The loss contours for different archetype buildings are developed by randomly
placing bombs around the building in Chapter 3. The framework does not place bombs
inside the building because of complexity in nature of blast. The study of influence of
internal blast loads in structural response of RC structures can be area for new study.
The specific recommendations for chapter 4 are:
(1) Loss estimation methodologies for any building type was developed in Chapter
4. The damage calculation process in this method using floor and wall points is crude. The
employed method also does not consider the possibility of progressive collapse. A
comprehensive damage model will give results that are more realistic.
(2) Threat reduction mitigation strategies does not consider forced terrorist events.
For example: It is assumed that a vehicle barrier stops a VBIED. However, during a
terrorist VBIED attack there might be forced entry in the restricted area. This type of study
has huge impact and is highly recommended for future work.
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The specific recommendations of chapter 5 are:
(1) The injury model in chapter 5 does not consider tertiary effects of blast. Tertiary
effects include flying of people in obstacles resulting injury. Including the tertiary effects
can change the result in most case.
(2) The secondary injury relies on FEMA injury definitions. Assumptions are made
for determining injury states which is crude and based engineering judgement. When robust
data is available this should be updated.
(3) The ABM (Agent Based model) used to track movement of people during
multiple blast. This model does not consider interaction between the agents and agents are
not able to move between two floors. This capability should be included in ABM.
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APPENDIX A
KB MODEL PARAMETERS

Swisdak equations for incident and reflected hemispherical TNT surface blast parameters
are of the form:
𝑦𝑦(𝑍𝑍) = 𝑒𝑒 𝐴𝐴+𝐵𝐵(ln(𝑍𝑍))+𝐶𝐶(ln(𝑍𝑍))

2 +𝐷𝐷(ln(𝑍𝑍))3 +𝐸𝐸(ln(𝑍𝑍))4 +𝐹𝐹(ln(𝑍𝑍))5 +𝐺𝐺(ln(𝑍𝑍))6

Where, y is Pi Incident Pressure, Pr Reflected Pressure, Ii Incident Scaled Impulse
or Ir Reflected Scaled Impulse as a function of Z, scaled distance(

𝑓𝑓𝑓𝑓

𝑙𝑙𝑙𝑙1/3

). The values for

coefficients A, B, C, D, E, F and G for different y are given in tables below

Reflected Pressure, Pr (psi)
Range Z

A

0.3 – 4.0
4 – 100

B

C

D

E

F

9.0975 -1.7511

-0.2877

-0.2199

-0.0128

0.06896 -0.0118

5.1515 9.15826

-11.85735

5.56754

-1.33455 0.16333 -0.008181
𝑝𝑝𝑝𝑝𝑝𝑝−𝑚𝑚𝑚𝑚

Range Z

A

0.2 – 100

5.9313 -1.5622

Table A-1:

B

Scaled Reflected Impulse, Ir (
C

D

0.1322

-0.01123

𝑙𝑙𝑙𝑙1/3

E
0

)

G

F

G

0

0

Simplified Kingery and Bulmash Model Reflected Parameters
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Incident Pressure, Pi (psi)
Range Z

A

0.5 – 7.25

B

C

D

E

F

G

6.9137 -1.4398

-0.2815

-0.1416

0.0685

0

0

7.25 – 60

8.8035 -3.7001

0.2709

0.0733

-0.0127

0

0

60 – 500

5.4233 -1.4066

0

0

0

0

0

F

G

𝑝𝑝𝑝𝑝𝑝𝑝−𝑚𝑚𝑚𝑚

Range Z

A

0.2 – 0.96

Scaled Incident Impulse, Ii (

𝑙𝑙𝑙𝑙1/3

B

C

D

2.972

-0.466

0.963

0.03

-0.087

0

0

2.41 – 6.0

0.911

7.26

-7.459

2.960

-0.432

0

0

6.0 – 85

3.2484 0.1633

-0.4416

0.0793

-0.00554

0

0

85 – 400

4.7702 -1.062

0

0

0

0

0

Table A-2:

E

)

Simplified Kingery and Bulmash model Incident Parameters
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APPENDIX B
BOMB THREAT STAND OFF CHART FROM NCTC

Threat Description

Assigned IED Capacity

(IED and VBIED)
Pipe Bomb

5 lbs.

Suicide Bomber

20 lbs.

Briefcase/ Suitcase

50 lbs.

Car

500 lbs.

SUV/Van

1000 lbs.

Small Moving Van/

4000 lbs.

Delivery Truck
Moving Van/ Water Truck

10000 lbs.

Semi-Trailer

60000 lbs.

Table B-1:

Bomb Thread Stand-Off Chart from NCTC
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APPENDIX C
COMPARISON WITH DOD PI DAMAGE CURVES

Figure C-1:

DOD curves for Medium RC building compared with archetype 401 with
500 lbs. TNT

Figure C-2:

DOD curves for Medium RC building compared with archetype 401 with
1000 lbs. TNT
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Figure C-3:

DOD curves for Medium RC building compared with archetype 401 with
400 lbs. TNT

Figure C-4:

DOD curves for Medium RC building compared with archetype 402 with
500 lbs. TNT
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Figure C-5:

DOD curves for Medium RC building compared with archetype 402 with
1000 lbs. TNT

Figure C-6:

DOD curves for Medium RC building compared with archetype 402 with
4000 lbs. TNT
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Figure C-7:

DOD curves for Medium RC building compared with archetype 403 with
500 lbs. TNT

Figure C-8:

DOD curves for Medium RC building compared with archetype 403 with
1000 lbs. TNT
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Figure C-9:

DOD curves for Medium RC building compared with archetype 403 with
1000 lbs. TNT

Figure C-10: DOD curves for Medium RC building compared with archetype 801 with
500 lbs. TNT

189

Figure C-11: DOD curves for Medium RC building compared with archetype 801 with
1000 lbs. TNT

Figure C-12: DOD curves for Medium RC building compared with archetype 801 with
4000 lbs. TNT
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Figure C-13: DOD curves for Medium RC building compared with archetype 802 with
500 lbs. TNT

Figure C-14: DOD curves for Medium RC building compared with archetype 802 with
1000 lbs. TNT
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Figure C-15: DOD curves for Medium RC building compared with archetype 802 with
4000 lbs. TNT

Figure C-16: DOD curves for Medium RC building compared with archetype 803 with
500 lbs. TNT
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Figure C-17: DOD curves for Medium RC building compared with archetype 803 with
1000 lbs. TNT

Figure C-18: DOD curves for Medium RC building compared with archetype 803 with
4000 lbs. TNT
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APPENDIX D
DOD PRESSURE IMPULSE DAMAGE CURVE DATA
D.1 DOD PI damage curve fitting parameters for different structures and glazing types
Small R/C Office building
(~2500 sq. ft.)
%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

A
13.548
12.319
11.282
9.919
7.96
6.484
5.25
2.74
2.011
1.62
1.323
1.088
1.06
1.038

Table D-1:

B
769.645
581.692
501.169
365.517
279.052
228.776
159.738
122.826
91.199
65.513
50.597
35.521
33.333
29.921

C
1540.17
1540.17
942.175
741.695
473.804
336.254
283.621
75.925
56.256
22.743
13.257
7.874
7.386
7.101

%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

A
13.835
11.612
8.14
7.161
6.409
5.093
3.942
1.879
1.222
1.047
0.873
0.73
0.697
0.671

B
824.891
574.348
482.244
353.564
255.592
199.011
126.715
98.417
80.109
61.047
48.883
34.915
32.63
29.672

C
1389
742
445
444
326
194
119
15
9.33
4.83
2.98
1.88
1.58
1.36

DOD PI damage curve parameters for RC Structures

Small Un-Reinforced Brick
Structure (~2500 sq. ft.)
%

A

B

C

100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

3.991
3.477
3.025
2.578
2.211
2.034
1.86
1.708
1.557
1.2
1.044
0.848
0.801
0.763

64.87
47.25
39.154
33.13
28.744
25.697
23.171
20.922
18.285
13.298
11.41
9.271
8.867
8.539

39.819
26.763
21.055
14.68
9.999
7.704
6.652
5.429
4.451
2.379
1.439
0.6
0.548
0.504

Table D-2:

Medium R/C Office building
(~10000 sq. ft.)

Medium Un-Reinforced
Masonry Structure
(~10,000 sq. ft.)
%
A
B
C
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

6.102
5.026
3.989
3.263
2.929
2.606
2.152
1.708
1.311
0.864
0.692
0.552
0.535
0.521

181.188
127.896
102.32
85.347
73.628
63.693
56.761
49.532
38.569
18.283
15.534
12.299
11.726
11.254

138
80
49.5
31.3
24.1
18.8
18.8
18.1
17.5
12.5
8.77
5.67
5.3
4.79

Large Un-Reinforced Masonry
Structure
(~40,000 sq. ft.)
%
A
B
C
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

4.401
3.724
3.066
2.488
2.243
2.03
1.832
1.448
1.088
0.969
0.816
0.642
0.62
0.603

195.396
152.319
131.75
116.108
105.458
90.461
73.968
60.699
30.825
14.211
12.066
9.538
9.126
8.791

178.43
87.837
53.449
26.268
20.493
19.328
19.328
19.328
19.328
7.185
4.944
2.936
2.572
2.28

DOD PI damage curve parameters for Unreinforced Masonry Structures
structure
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Small Reinforced Masonry
Structure (~2500 sq. ft.)
%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

Table D-3:

A
8.488
7.264
5.615
5.045
4.407
3.783
3.191
2.738
2.157
1.548
1.258
0.963
0.905
0.86

B
548.535
359.227
274.316
218.431
182.708
124.497
100.424
80.822
60.13
45.025
38.432
30.68
28.84
25.6

Medium Reinforced Masonry
Structure (~10,000 sq. ft.)

C
647.027
425.468
379.895
247.021
154.561
115.951
82.507
51.206
29.429
13.806
9.932
5.906
5.645
5.645

%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

A
5.753
5.064
4.264
3.83
3.229
2.69
2.201
1.253
1.02
0.904
0.754
0.602
0.575
0.553

B
419.224
327.054
244.854
192.804
157.437
123.823
93.443
76.701
62.813
48.077
39.228
29.277
27.024
24.212

C
265
225
225
147
86.2
64.3
37.6
12.4
7.59
3.91
2.41
1.26
1.07
0.91

DOD PI damage curve parameters for Reinforced Masonry Structures

Small Metal Structure
(~2500 sq. ft.)
%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

Table D-4:

A
4.864
4.597
4.154
2.889
2.131
1.736
1.42
1.133
0.929
0.748
0.634
0.462
0.405
0.357

B
170.432
148.324
118.194
101.909
89.364
78.73
67.942
56.006
45.124
32.715
26.801
20.037
18.751
15.127

Medium Metal Structure
(~10,000 sq. ft.)

C
113.439
76.865
61.746
46.555
46.555
46.555
43.923
27.551
17.248
12.615
9.264
3.443
2.58
1.676

%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

A
4.949
4.652
4.2
2.889
2.138
1.743
1.426
1.136
0.931
0.749
0.635
0.462
0.405
0.357

B
199.059
170.906
155.967
141.967
126.101
105.287
82.491
64.629
51.936
35.698
28.302
20.378
19.155
15.127

C
163
102
69
40.8
40.8
40.8
40.8
27.6
17.3
11.3
9.24
3.3
2.48
1.68

DOD PI damage curve parameters for Metal Structures
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Small Wood Structure
(~2500 sq. ft.)
%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

Table D-5:

A
5.927
5.01
4.286
3.571
2.983
2.614
2.326
2.038
1.751
1.49
1.212
0.884
0.785
0.705

B
123.38
97.842
84.776
70.856
58.26
50.388
43.519
38.59
32.32
22.569
17.966
14
12.769
11.749

C
105.616
83.725
61.17
44.053
26.451
20.417
17.154
13.763
10.426
7.913
3.836
2.316
1.849
1.577

A
0.852
0.643
0.493
0.383
0.3
0.19
0.105

%
100
90
80
70
60
50
40
30
20
10
5
1
0.5
0.1

A
5.844
4.693
3.581
2.816
2.387
2.007
1.75
1.511
1.153
0.843
0.692
0.552
0.535
0.521

B
239.949
186.537
152.348
126.154
114.638
96.008
78.331
64.626
53.68
39.528
31.071
21.777
19.621
17.812

C
208
120
66.8
37.1
27.3
26.2
23.2
18
11
8.07
7.29
6.04
5.38
4.84

DOD PI damage curve parameters for Wood Structures

Dual Pane window
%
100
90
70
50
30
10
1

Medium Wood Structure
(~10,000 sq. ft.)

B
33.51
19.734
7.989
7.988
0.201
0.2
0.1

Table D-6:

Annealed

C
19.743
13.045
7.66
3.42
1
0.3
0.1

%
100
90
70
50
30
10

A
0.853
0.717
0.547
0.424
0.316
0.21

B
26.976
20.34
9.886
3.885
3.456
2

Tempered
C
39.8
15.4
8.18
4.75
1.32
0.8

%
100
90
70
50
30
10
1
0.1
0.01

A
3.082
3.007
2.702
2.477
1.727
1.343
1
0.8
0.65

B
287.38
224.92
131.12
8.325
8.324
8.323
0.102
0.101
0.1

C
1117.9
626.41
389.13
197.8
29.077
8
7
5
3

DOD PI damage curve parameters for Glazing Systems
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D.2

DOD PI Curves

Figure D-1: DOD PI damage curves for RC Structures
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Figure D-2: DOD PI damage curves for Reinforced Masonry Structure

198

Figure D-3: DOD PI damage curves for Wood Structures
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200

Figure D-4: DOD PI damage curves for Unreinforced Masonry Structures
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Figure D-5: DOD PI damage curves for Glazing Systems
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APPENDIX E
POPULATION & INJURY STATE DATA
E.1 FEMA P58 Population Data

Continued in next page…
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Table E-1:

FEMA P58 Population Model
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E.2 Injury Level Definitions

Table E-2:

Injury States definition in terms of BICADS injury level, ISS Scores and
AIS Scores
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